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ABSTRACT
RATIONAL DESIGN OF ADVANCED FUNCTIONAL MATERIALS FOR
ELECTROCHEMICAL DEVICES
SHUN LU
2021
In recent years, there has been a fast-growing trend in developing urea (CO(NH2)2) as
a substitute H2 carrier in energy conversion due to its high energy density, nontoxicity,
stability, and nonflammability. Urea, a byproduct in the metabolism of proteins and a
frequent contaminant in wastewater, is an abundant compound that has demonstrated
favorable characteristics as a hydrogen-rich fuel source with 6.7 wt % gravimetric
hydrogen content. Also, there is 2-2.5 wt % urea from mammal urine; therefore, 0.5
million ton of additional fuels will be produced per year just from human urine (240
million ton each year). Electrochemical oxidation has been recognized as an efficient
strategy for urea conversion and wastewater remediation. Thus, the chemical energy
harvested from urea/urine can be converted to electricity via urea oxidation reaction
(UOR). Moreover, the removal of urea from water is a priority for improving drinking
water quality and presents an opportunity for UOR. However, the transition of UOR
from theory and laboratory experiments to real-world applications is largely limited by
the conversion efficiency, catalyst cost, and feasibility of wide-spread usage. Therefore,
utilization of urea using electrochemical method is a ‘two birds with one stone’ strategy
which convert wastewater to electricity via anodic urea oxidation reaction (Seen in
Chapter 2).

xxvi
Developing efficient and low-cost urea oxidation reaction (UOR) catalysts is a
promising but still challenging task for environment and energy conversion
technologies such as wastewater remediation and urea electrolysis. NiO nanoparticles
that incorporated graphene as the NiO@Graphene composite were constructed to study
the UOR process in terms of density functional theory. The single-atom model, which
differed from the previous used heterojunction model (Chapter 2), was employed for
the adsorption/desorption of urea and CO2 in the alkaline media. As demonstrated from
the calculated results, NiO@Graphene prefers to adsorb the hydroxyl group than urea
in the initial stage due to the stronger adsorption energy of the hydroxyl group. After
NiOOH@Graphene was formed in the alkaline electrolyte, it presents excellent
desorption energy of CO2 in the rate-determining step. Electronic density difference
and the d band center diagram further confirmed that the Ni(III) species is the most
favorable site for urea oxidation while facilitating charge transfer between urea and
NiO@Graphene. Moreover, graphene provides a large surface for the incorporation of
NiO nanoparticles, enhancing the electron transfer between NiOOH and graphene and
promoting the mass transport in the alkaline electrolyte. Notably, this work provides
theoretical guidance for the electrochemical urea oxidation work (As presented in
Chapter 3).
In addition, urea oxidation reaction (UOR) has been known as a typical energy
conversion reaction but is also a viable method for renal/liver disease diagnostic
detection. Here, we reported the three-dimensional nickel oxide nanoparticles
decorated on the carbonized eggshell membrane (3D NiO/c-ESM) as a modified
electrode toward urea detection. The electrocatalysts are characterized by XRD, SEM,
and EDX to confirm its structural and morphological information. NiO/c-ESM
modified electrode exhibits an outstanding performance for urea determination with a
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linear range from 0.05 to 2.5 mM, and limit detection of ~20 μM (3σ). This work offered
a green approach for introducing 3D nanostructure through employing biowaste ESMs
as templates, providing a typical example for producing new value-added
nanomaterials with urea detection (Presented in Chapter 4).
Generally, urea oxidation reaction happens on the anode, less attention is paid on the
cathode. In fact, hydrogen evolution reaction happens on cathode during water/urea
electrolysis. Therefore, in this chapter (Chapter 5), we focus our attention on the
cathodic reaction, as follows: Transition metal oxides (TMOs), especially nickel oxide
(NiO), are environmentally benign and cost-effective materials, and have recently
emerged as potential hydrogen evolution reaction (HER) electrocatalysts for future
industrial scale water splitting in alkaline environment. However, their applications in
HER electrocatalysts remain challenging because of poor electronic conductivity and
unsatisfactory activity. Besides, the disposal of eggshell waste is also an
environmentally and economically challenging problem because of food industry.
Here, we report the synthesis of NiO nanoparticles (NPs) encapsulated in the
carbonization of eggshell membrane via a green and facile approach for HER
application. Noteworthy to mention here that the active carbon was made from the
waste, eggshell membrane (ESM), meanwhile, the eggshell was used as a micro-reactor
for preparation of electrocatalyst, NiO/C nanocomposite. Then, the as-prepared NiO/C
nanocomposite was characterized by scanning electron microscopy (SEM),
transmission electron microscopy (TEM), X-ray diffraction (XRD) and energy
dispersive x-ray spectroscopy (EDS). The SEM, EDS and TEM images reveal that NiO
nanoparticles distributed on the carbon support, and XRD patterns confirm the presence
of the nanoparticles are NiO and C hybrids. The catalytic activity and durability of
NiO/C nanocomposite was examined for HER in 1 M KOH solution. It has been

xxviii
observed that NiO/C nanocomposite showed the better catalytic activity with the
smallest Tafel slope of 77.8 mV dec−1 than single component's result, NiO particles
(112.6 mV dec−1) and carbonization of ESM (94.4 mV dec−1). It indicates that the HER
performance of electrocatalyst can be enhanced by synergistic effect between NiO
particles and carbonization of ESM, with better durability after 500 CV cycles.
Furthermore, such design principle for developing interfaces between TMOs and C by
a green and facile method can offer a new approach for preparing more efficient
electrocatalysts (Seen in Chapter 5).
Differed from other chapters, Chapter 4 focuses on the electroanalytical application of
advanced nanomaterials. In this chapter, the sweep wave voltammetry (SWV) method
was used for molecule detection. It is noted that we also developed several methods to
detect small molecules, including differential pulse voltammetry (DPV) and
chronopotentiometry (i-t). Therefore, several novel nanomaterials like gold
nanoparticles and ZIF-8, two-dimensional nickel phthalocyanine-based metal-organic
framework compounds were synthesized, respectively, and then used for the
electroanalytical application, listed as Appendix A and B avoiding breaking the logistic
of the whole manuscript.
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CHAPTER 1 INTRODUCTION AND BACKGROUND
1.1 Electrocatalysis and electroanalysis
Electrochemistry is the branch of physical chemistry concerned with the relationship
between electrical potential, as a measurable and quantitative phenomenon, and
identifiable chemical change, with either electrical potential as an outcome of a
particular chemical change, or vice versa. These reactions involve electrons transferring
between electrodes via an electricity-conducting phase, separated by an ion-conducting
and electronically insulating electrolyte. When a chemical reaction is affected by a
potential difference, for example in electrolysis, or if electrical potential results from a
chemical reaction as in a battery or fuel cell, it is called an electrochemical reaction.
Unlike chemical reactions, in electrochemical reactions electrons, are not transferred
directly between molecules, but via the aforementioned electronically- and ionicallyconducting circuits, respectively. This phenomenon is what distinguishes an
electrochemical reaction from a chemical reaction. Electrochemistry also provides
several promising approaches for the energy conversion and storage (Fig. 1.1).

Figure 1.1 the relationship between electrochemistry and huamn activity
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1.1.1

Hydrogen production via electrochemical approach

Electrolysis is a promising option for carbon-free hydrogen production from renewable
and nuclear resources. Electrolysis is the process of using electricity to split water into
hydrogen and oxygen. This reaction takes place in a unit called an electrolyzer (Fig.
1.2). Electrolyzers can range in size from small, appliance-size equipment that is wellsuited for small-scale distributed hydrogen production to large-scale, central production
facilities that could be tied directly to renewable or other non-greenhouse-gas-emitting
forms of electricity production. Like fuel cells, electrolyzers consist of an anode and a
cathode separated by an electrolyte. Different electrolyzers function in different ways,
mainly due to the different types of electrolyte material involved and the ionic species
it conducts. Alkaline electrolyzers operate via transport of hydroxide ions (OH-)
through the electrolyte from the cathode to the anode with hydrogen being generated
on the cathode side. Electrolyzers using a liquid alkaline solution of sodium or
potassium hydroxide as the electrolyte have been commercially available for many
years. Newer approaches using solid alkaline exchange membranes (AEM) as the
electrolyte are showing promise at the lab scale.
In a proton exchange membrane (PEM) electrolyzer, the electrolyte is a solid specialty
plastic material (Fig. 1.3)
•

Water reacts at the anode to form oxygen and positively charged hydrogen ions
(protons).

•

The electrons flow through an external circuit and the hydrogen ions selectively
move across the PEM to the cathode.
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•

At the cathode, hydrogen ions combine with electrons from the external circuit
to form hydrogen gas. Anode Reaction: 2H2O → O2 + 4H+ + 4e- Cathode
Reaction: 4H+ + 4e- → 2H2

Figure 1.2 Scheme of water electrolysis via proton exchange membrane electrochemical cell [1]

Hydrogen production via electrolysis may offer opportunities for synergy with dynamic
and intermittent power generation, which is characteristic of some renewable energy
technologies. For example, though the cost of wind power has continued to drop, the
inherent variability of wind is an impediment to the effective use of wind power.
Hydrogen fuel and electric power generation could be integrated at a wind farm,
allowing flexibility to shift production to best match resource availability with system
operational needs and market factors. Also, in times of excess electricity production
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from wind farms, instead of curtailing the electricity production as is commonly done,
it is possible to use this excess electricity to produce hydrogen through electrolysis.
It is important to note that,
•

Today's grid electricity is not the ideal source of electricity for electrolysis
because most of the electricity is generated using technologies that result in
greenhouse gas emissions and are energy intensive. Electricity generation using
renewable or nuclear energy technologies, either separate from the grid, or as a
growing portion of the grid mix, is a possible option to overcome these
limitations for hydrogen production via electrolysis.

•

The U.S. Department of Energy and others continue efforts to bring down the
cost of renewable-based electricity production and develop more efficient
fossil-fuel-based electricity production with carbon capture, utilization, and
storage. Wind-based electricity production, for example, is growing rapidly in
the United States and globally.

Research Focuses on Overcoming Challenges
•

Meeting the Hydrogen Shot clean hydrogen cost target of $1/kg H2 by 2030
(and interim target of $2/kg H2 by 2025) through improved understanding of
performance, cost, and durability trade-offs of electrolyzer systems under
predicted future dynamic operating modes using CO2 -free electricity.

•

Reducing the capital cost of the electrolyzer unit and the balance of the system.

•

Improving energy efficiency for converting electricity to hydrogen over a wide
range of operating conditions.

1.1.2

Energy conversion via urea oxidation reaction
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The increasing demand of energy has induced high consumption of fossil fuels and a
drastic increase in environmental problems, which draws a great attention.[2, 3] Instead
of fossil fuels, hydrogen fuel is believed to be a clean energy with the only combust
product being water.[4] For conventional hydrogen production, water electrolysis
requires relatively high applied potential of 1.23 V[5], due to the sluggish kinetics of
the oxygen evolution reaction (OER) at the anode half-cell, resulting in a comparatively
high overpotential.[6-8] Recently, the electrochemical urea oxidation reaction (UOR)
to produce hydrogen has been attracting a lot of interest (Fig. 1.3). Urea is earth
abundant from urea-rich wastewater in nature which comes from human or animal
urine, where it is harmful to environment and public health[9]. Numerous technologies
have been used for urea-containing wastewater treatment, such as chemical oxidation,
hydrolysis, and biological decomposition. These methods are not economic and
environmental friendly.[10] Therefore, utilization of urea using the electrochemical
method is a ‘two birds with one stone’ strategy which converts wastewater to renewable
hydrogen.

Figure 1.3 Schematic representation of the direct urea-to-hydrogen process
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The urea oxidation reaction is a complicated reaction process with six electrons
transfered, the primary step of UOR is the urea-oxidation reaction at the anodic side[11,
12]:
Anode:
𝐶𝑂(𝑁𝐻2 )2 (𝑎𝑞) + 6𝑂𝐻 − − 6𝑒 − → 𝑁2 (𝑔) + 5𝐻2 𝑂(𝑙) + 𝐶𝑂2 (𝑔)
Where the cathode site is the production of hydrogen:
6𝐻2 𝑂(𝑙) + 6𝑒 − → 3𝐻2 (𝑔) + 6𝑂𝐻 − (𝑎𝑞)
And the overall reaction is:
𝐶𝑂(𝑁𝐻2 )2 (𝑎𝑞) + 6𝐻2 𝑂(𝑙) → 𝑁2 (𝑔) + 3𝐻2 (𝑔) + 𝐶𝑂2 (𝑔)

Figure 1.4 An illustration of a typical urea electrolytic cell and it counterpart reaction
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Comparing with water electrolysis, UOR requires a lower applied potential of only 0.37
V, therefore less energy input is required at standard conditions[11, 13], which is
remarkably lower than water electrolysis with a potential of 1.23 V (Fig. 1.4).
Therefore, urea electrolysis is considered as a promising method of hydrogen evolution.
However, a key issue of UOR is the low kinetics and low durability of the required
catalyst for the reactions. Some noble metal catalyst have been reported such as Pt, Rh,
Ir, where the high cost of noble metals becomes one of the hurdles preventing its
commercialization. Compared with noble metals illustrated above, nickel-based
catalysts and their derivatives have been discovered to have good UOR performance,
with their good catalytic activity, earth abundance at low-cost, and robust urea electro
oxidation[14-16].

1.1.3

Theoretical insights on urea oxidation reaction

The mechanism of urea decomposition in the aqueous phase has been further studied
by different authors. In an aqueous solution, the elimination mechanism yields
isocyanic acid and ammonia, whereas intramolecular proton transfer with urease gives
cyanic acid and ammonia. In addition, their analyses of the activation energies of
aqueous elimination and hydrolytic mechanism pathways of urea concluded that urea
prefers to eliminate ammonia rather than undergo hydrolysis.
Although significant contributions have been made in the study of the hydrolysis
mechanism of urea in the presence of urease both experimentally and theoretically,
studies on electrooxidation of urea in an alkaline medium using a nickel catalyst
(similar to the urease active sites) have not been previously reported in the literature.

8
Bezerra et al. examined the electrochemical oxidation of urea with platinum as a
catalyst in acidic, alkaline, and neutral media. It was found that acidic media produced
N2 and CO2 with minute amounts of CO generated due to hydrolysis. However, the
results in the alkaline media were not clearly elucidated as the focus was placed on the
orientation of the urea molecule and the CO formed in the initial hydrolysis. It was
found that the urea molecule was adsorbed through the O atom at potentials above −0.4
V and was adsorbed through the amine group below −0.4 V vs an Ag/AgCl reference.
Recently, Botte et al. reported the production of ammonia and nitrogen in the anodic
compartment of an electrochemical cell during electrolysis of urea and urine for the
production of hydrogen. The author suggested that the production of ammonia is due
to the chemical oxidation of urea in alkaline media in the presence of the catalyst, while
the production of nitrogen is due to the electrooxidation of urea.

1.1.4

Electroanalysis via urea oxidation reaction

Urea, a metabolic end product in the human body, is critical in assessing various
metabolic disorders, including renal function. Moreover, monitoring of urea levels is
important in the food and environment industries. Chromatographic and spectroscopic
methods have been widely employed to measure urea concentrations in biological and
chemical samples. However, these methods require tedious sample preparation and
cannot be used on-site. Alternative methods using various biosensors based on the
urease enzyme have been developed, with simple designs capable of rapid on-site urea
analysis. The enzymatic hydrolysis of urea generates ammonia ions and bicarbonate
ions, which can be amperometrically, potentiometrically, optically, thermally, and
piezoelectrically detected using various transducers.
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Amperometric biosensing is considered the most promising approach, because it offers
a fast, reliable, simple, and low-cost detection. In urease-based amperometric
biosensors, the NH4+ ion can be catalytically oxidized by either a second enzyme or
metal catalysts. However, denaturing of the enzyme can cause poor long-term stability.
Recently, non-enzymatic biosensors with metal-based catalysts have received
widespread interest because of the high sensitivity and stability of the devices. Metal
oxides such as NiO, CuO, and ZnO, with low costs and well-defined redox properties,
have been employed for direct electro-catalytic oxidation and determination of many
biochemical compounds such as urea, glucose, and ethanol. In particular, Ni-based
catalysts have exhibited excellent catalytic abilities for urea oxidation.

1.2 Motivation and objectives
1.2.1

Motivation

Inspired from the porous carbon, especially biomass-derived carbon, which can provide
a stable, porous, and robust support for advanced materials, the novel porous structure
can be suitable for electrocatalysis and electroanalysis. The disposed eggshell can be
seen anywhere from the food industry and daily life. Therefore, based on what we
demonstrated before, we tried to construct several novel nanostructured materials for
efficient electrochemical reactions. Similarly, consider the concept of ‘trash to
treasure’, urea, mainly produced from human or mammal animal urine and widely
exists in sewage, can be utilized as a new fuel due to its high content of hydrogen. It
means urea can be processed via an electrochemical approach, reducing potential
environmental problem, whilst converting the waste into energy.
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1.2.2

Objectives

The objective of this dissertation is to develop a multi-functional material based on
biomass-derived carbon, working as the electrocatalyst for multi-functional
applications, including energy conversion and storage and electrochemical detection.
As a supplement, other materials, i.e., metal-organic framework compounds, were also
explored as electrocatalyst for small molecule detection using different detection
methods.
•

Evaluate the porous properties of the carbon materials which were produced
from the eggshell membrane by SEM, TEM and BET characterizations.

•

Analyze the performance of the eggshell membrane-derived carbon towards
urea oxidation through a series of electrochemical approaches and physical
measurements.

•

Analyze the potential mechanism of urea oxidation reaction on the synthesized
sample with theoretical method (density functional theory).

•

Evaluate the performance of the eggshell membrane-derived carbon towards
urea detection via sweep wave voltammetry.

•

Evaluate the performance of hydrogen production on the eggshell membranederived carbon properties by cyclic voltammetry, linear sweep voltammetry and
electrochemical impedance spectroscopy.
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CHAPTER 2 HIGHLY EFFICIENT UREA OXIDATION VIA NESTING NANONICKEL OXIDE IN EGGSHELL MEMBRANE-DERIVED CARBON2

2.1 Introduction
In recent years, there has been a fast-growing trend in developing urea (CO(NH2)2) as
a substitute H2 carrier in energy conversion due to its high energy density, nontoxicity,
stability and non-flammability.[17] Urea, a byproduct in the metabolism of proteins and
a frequent contaminant in wastewater, is an abundant compound that has demonstrated
favorable characteristics as a hydrogen-rich fuel source with 6.7 wt.% in gravimetric
hydrogen content.[17-20] Also, human urine is 2-2.5 wt.% urea, therefore, 0.5 million
tons of additional fuel will be produced per year just from human urine (240 million
tons of urea each year).[21-24] Electrochemical oxidation has been recognized as an
efficient strategy for urea conversion and wastewater remediation.[25-27] Thus, the
chemical energy harvested from urea/urine can be converted to electricity via the urea
oxidation reaction (UOR).[13, 28, 29] Moreover, the removal of urea from water is a
priority for improving drinking water quality and presents an opportunity for UOR.[30]
However, the transition of UOR from theory and laboratory experiments to real-world
applications is largely limited by the conversion efficiency, catalyst cost and the
feasibility of wide-spread usage.[31]

2

Chapter 2, in full, is a reprint of the research paper titled ‘Highly efficient urea oxidation via nesting

nano-nickel oxide in eggshell membrane-derived carbon’ as it published on the journal of ACS
Sustainable Chemistry & Engineering. Shun Lu, Matthew Hummel, Zhengrong Gu, Yucheng Wang,
Keliang Wang, Rajesh Pathak, Yue Zhou, Hongxing Jia, Xueqiang Qi, Xianhui Zhao, Ben Bin Xu,
Xiaoteng Liu. 2021, 9(4): 1703-1713. Shun Lu was the primary investigator and first author of this
article.
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Primarily, the electrooxidation of urea has relied on cost-prohibitive rare metals such
as ruthenium, platinum, tantalum, or iridium as the urea catalysis.[29, 32] Recent
studies implementing common transition metals and their oxides, particularly nickel,
have found similar success while having much lower material costs.[33-35] For
instance, Luo et al. prepared ultrathin and porous nickel hydroxide nanosheets for
efficient UOR and found that 1.82 V (vs. RHE, Reversible Hydrogen Electrode) was
needed to achieve a large current density of 298 mA cm-2.[36] Qiao et al. reported a
two-dimensional nickel-based metal-organic framework (2D Ni-MOF) nanosheet by
coordinating nickel ions and benzenedicarboxylic acid. The electrochemical results
showed better UOR performance and smaller overpotential compared to Ni(OH)2 and
the commercial Pt/C.[13] Similarly, Ma et al. investigated Ni-MOF with different
morphologies such as, nanowires, neurons, and urchins, and found that the Ni-MOF
nanowires required ~0.8 V (vs. Ag/AgCl) to obtain a current density of 160 mA cm2

.[37] Thus, based on the previous studies, the nickel-based materials’ electrocatalytic

behavior is well understood, making them ideal candidates for UOR.[38, 39] However,
the kinetics of UOR at the anodic area is still sluggish owing to the multi-electron
transfer and multiple gas-adsorption/desorption procedures.[11, 38-41] To address this
key issue, the coordination of

high surface area and conductive materials are

considered beneficial.[42-44] Expanding the electrochemically active surface area, the
bio-derived carbon doped nickel can provide the electrochemically active high surface
area and conductivity in the material selection, resulting in efficient substrates.[45]
Innovations with UOR from organic and bio-derived compounds have yielded
substantial improvements in energy production efficiency.[46, 47]
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Biomass-derived carbon materials have been increasingly implemented in
electrochemical energy conversion and detection owing to their low-price, porous
structure and high conductivity.[48] Hierarchical porous activated carbons are favored
in particular due to their variety in pore size and volume, the potential for modification,
and synthesis from waste biomaterials.[49, 50] One promising material that has
demonstrated notable electrochemical properties is the eggshell membrane (ESM).
ESM is a thin, protein-based membrane functioning as a gas-exchange interface for the
embryo within the egg to the outside world via its abundant micro- and nano-sized
pores. [51] Aside from the traditional methods of waste management, ESM has been
used in the production of clean energy where it replaces coal, oil or natural gases to
generate electricity through fuel cell devices. ESM collected from waste eggshells has
demonstrated excellent electrochemical behavior on its own in energy storage and
conversion [52, 53] as well an ability to be infused with different transition metal oxides
for sensing purposes.[54, 55]
In this work, we reported a low-cost UOR electrocatalyst (C@NiO), composed of
nickel oxide nanoparticles anchored on porous carbon derived from the biowaste
eggshell membrane via hydrothermal synthesis and pyrolysis strategy. Benefiting from
the strong synergistic effect between nickel oxide and the porous carbon, the asprepared electrode only needs 1.36 V versus RHE to realize 10 mA cm-2 in 1.0 M alkali
solution containing 0.33 M urea, and delivers 25 mA cm-2 at 1.46 V. In addition, from
the viewpoint of the theoretical calculations, its intermediate (C@NiOOH), which
formed from C@NiO in alkaline solution, gave this electrocatalyst possessing the
ability to effectively hinder “CO2 poisoning”, as well as ensuring its superior
performance for UOR. This work also presented the low-cost urea oxidation
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electrocatalyst design with the porous structure to solve the previous problems we
described (source and cost) and promote the catalyst’s potential application in energy
conversion based on the concept of “trash to treasure”.

2.2 Experimental
2.2.1 Preparation of the porous C@NiO nanocomposites
Before obtaining C@NiO nanocomposites from the biowaste eggshell membrane, the
ESM received pre-treatments to remove the egg white and other organic chemicals.
C@NiO nanocomposites were prepared through a smart approach that the eggshell was
not only employed as a reactor, but also the eggshell membrane as a filter membrane,
as presented in Fig. 2.1. First, the eggshell filled with Ni(NO3)2 aqueous solution was
transferred into a beaker with urea, then kept at 70 ℃ for 6 h. In this process, Ni(OH)2
was synthesized on the interface of the eggshell membrane as OH- ions (outside of
ESM) were reacted with Ni2+ ions (inside of ESM). Then, the eggshell membrane was
stripped from the eggshell reactor by tweezers after the reaction system was naturally
cooled down. The stripped ESM was washed thoroughly with deionized water.
Completely, black powder was received after calcination at 500 ℃ for two hours in N2
environment. The calcined black powder with a metallic color was washed and
collected for further characterizations.
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a

b

c

After hydrothermal

Pyrolysis

Porous C@NiO

Figure 2.1 Scheme of the formulation process of the porous C@NiO nanocomposites: (a) dried
NiO/ESM after the hydrothermal process, (b) pyrolysis treatment, and (c) final product after the
pyrolysis.

2.2.2 Physical characterizations
The scanning electron microscopy (SEM) and transmission electron microscopy (TEM)
were both employed to observe the as-prepared samples’ morphological information
and equipped with high-resolution TEM (HRTEM) and select area electron diffraction
(SAED). Scanning transmission electron microscopy energy dispersive X-ray (STEMEDX) spectroscopy was employed for analyzing the element distribution. The pyrolysis
process was investigated to indicate the synthesis of C@NiO nanocomposites through
the thermogravimetric analysis (TGA) measurement in the nitrogen gas environment.
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TGA was performed by an integrated thermal analyzer with a ramp rate of 20 °C min-1
under N2 protection. Furthermore, X-ray diffraction (XRD) was used for analyzing the
crystalline structure of the as-obtained sample. X-ray photoelectron spectroscopy
(XPS) spectra were carried out to analyze the surface compositions and chemical
valence information for the as-prepared sample. All binding energies were referred to
as the C 1s peak of the surface adventitious carbon at 284.8 eV.

2.2.3 Electrochemical measurements
All electrochemical measurements of urea oxidation were performed on a CHI (760E,
Texas, USA) electrochemical analyzer. The conventional three-electrode testing
configuration was used in all electrochemical measurements. A glassy carbon electrode
(Ø 3 mm) was used as the working electrode (WE) and would receive catalyst
modification, Pt electrode and Ag/AgCl (within saturated KCl solution) were selected
as counter and reference electrodes (CE and RE), respectively. Considering different
concentrations of urea used for oxidation, such as 0.1 M, 0.33 M and 0.5 M, 0.33 M
urea was selected for oxidation measurements in this study to match the concentration
in mammal urine.[56, 57] Cyclic voltammetry (CV) and linear sweep voltammetry
(LSV) or polarization measurements were both carried out in a 1.0 M alkali solution
with/without 0.33 M urea. Electrochemical impedance spectroscopy (EIS) spectrum
was also investigated in 0.1 M potassium ferricyanide solution (frequency range: 100
kHz-0.1 Hz, AC perturbation: 5 mV, applied potential: open-circuit potential).
Electrochemical double-layer capacitance (Cdl) tests were performed through a series
of CV tests using a series of scan rates (2-10 mV s-1) in 1.0 KOH with a similar potential
range (0.06-0.16 V vs. Ag/AgCl). Chronoamperometry (CA) measurements were
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carried out at a constant potential of oxidation peak potential vs. Ag/AgCl for 1800 s in
1.0 alkali media with 0.33 M urea. Here, the loading mass of the catalyst on the working
electrode was calculated as 0.075 mg cm-2, and all potentials mentioned in this study
were converted versus a reversible hydrogen electrode (RHE): (ERHE = EAg/AgCl + 0.21
V + 0.059×pH, 25℃) unless otherwise specified, and iR compensation was performed
for all linear LSV results.

2.2.4 DFT calculation methods
To study the source of the highly electrocatalytic performance of C@NiO
nanocomposites, calculations were carried out using spin-polarized density functional
theory (DFT), equipped with the CASTEP package with the Perdew-Burke-Ernzerh
(PBE) generalized gradient approximation (GGA) exchange-correlation functional.[58]
The adsorption of urea and CO2 on the C@NiO was studied and compared with that on
C@NiOOH, and the heterojunctions were chosen as our theoretical models. The core
electrons were treated with Ultrasoft Pseudopotentials.[59] The cutoff energy for the
plane wave expansion was 340 eV, and the Monkhorst-Pack k-point sampling was
generated with a 2×2×1 grid. The convergence criterion for the structural optimizations
was a maximum force of 0.05 eV/Å and a maximum displacement of 0.002 Å. A
vacuum layer of 15 Å thickness was used along the z-direction to totally eliminate the
interactions between different surfaces. The adsorption energy of urea or CO2 over
C@NiO and C@NiOOH was calculated according to the below Equation.1:
Eads= Etotal – (Eslab + Eadsorbate)

Equation. 1
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Where Eads is the adsorption energy, Etotal is the total energy for the adsorption state,
Eslab is the energy of the optimized surface of C@NiO or C@NiOOH and Eadsorbate is
the energy of mono urea or CO2 molecule.
2.3 Results and discussion
2.3.1 Physical characterizations of the porous C@NiO nanocomposites
a

b

c

d

e

f

g

h

Figure 2.2 (a-b) TEM images of the porous carbon, (c-d) TEM images of the C@NiO

nanocomposites.

Ni

O

C

There is a hierarchical structure of the porous carbon with transparent layers between
carbon frameworks (Figs. 2.2a-b), indicating that it can provide a large surface area of
active sites.[60] As depicted in Fig. 2.2c, NiO nanoparticles are anchored on the porous
carbon frameworks. The color of carbon layers tends to be dark (Fig. 2.2d) and differs
from Fig. 2.2b. This phenomenon may be due to the introduction of NiO nanoparticles.
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STEM-EDX mapping was further applied to verify the composition of the as-prepared
sample. The element distribution of Ni, O and C without other impurities on the
transparent layers is observed well with higher magnification (~100 nm) in Figs. 2.3ad. The porous structure is derived from the biomacromolecule fibers of ESM[52], with
NiO nanoparticles dispersed well on the porous carbon, as presented in Fig. 2.3d.

Figure 2.3 STEM-EDX images of the C@NiO nanocomposites (a) Nickel, (b) Oxygen, (c) Carbon

and (d) the mixed results.
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Figure 2.4 (a-b) TEM images with magnifications (20 nm and 10 nm), (c) HRTEM image and (d)
SAED pattern of C@NiO nanocomposites.

Several black dots with an average size of 6.5 nm are displayed in Fig. 2.4a and Fig.
2.4b, confirming the existence of NiO nanoparticles. Fig. 2.4c exhibits the average
lattice spacing of 0.207 nm in the dark area, which corresponds to the (111) fact of NiO
(JCPDS No.47-1049). Fig. 2.5 also presents several similar areas with the same lattice
spacing from Fig. 2.4c. Meanwhile, NiO grains encapsulated on the porous carbon also
can be confirmed by its lattice fringes using fast Fourier transform (FFT) of HRTEM
image due to NiO having specified unit cell parameters of 0.418 nm with face-centered
cubic (fcc) structures (inset of Fig. 2.4c). As a comparison, pure NiO particles were
synthesized using the same method and their morphology appeared as an aggregation
of different sizes (Fig. 2.6) due to no supports in hydrothermal treatment process for
good dispersion.[61] The SAED result of C@NiO nanocomposites in Fig. 2.4d reveals
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the polycrystalline property with the feature of uniform central and diffraction spots.
The diffraction rings have corresponded to the diffraction of the graphite-like carbon
and the appeared spots are indexed to (111), (200), and (220) diffraction of pure NiO.
All the above results demonstrated the porous C@NiO nanocomposite was successfully
prepared with hierarchical structure and uniform dispersion.

Figure 2.5 (a) HRTEM of different selected area in Fig. 2.4c with (b) the corresponding height

profile.

Figure 2.6 (a) SEM image of NiO particles, inset: EDX spectrum of NiO particles. (b) SEM image

of the porous carbon.
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Figure 2.7 Figure S3. TGA curve of C@NiO nanocomposites.

TGA result of the precursor Ni(OH)2/ESM is presented in Fig. 2.7. The precursor
Ni(OH)2/ESM endured a four-step weight loss owing to continuous dehydration and
decomposition. The first stage (20-100 °C) is related to the evaporation of the adsorbed
and intercalated water molecules associated with the surface of Ni(OH)2/ESM. It is
possible to estimate the water content (10 wt.%) of the precursor. ESM started
pyrolyzing at ~200 °C and was completely pyrolyzed at 550 °C with a weight loss of
48 wt.%. Similarly, Zhai et al. found that decomposition of Ni(OH)2 into NiO occurs
between 300 and 400 °C.[62] For this step, the TG curve exhibits a sharp weight loss
19 wt.%, which is in line with the theoretical weight loss value (19.4%) due to the
decomposition of Ni(OH)2.[63] Organic components are completely removed by this
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stage, including gas like CO2, resulting in the uniformed NiO nanoparticles anchoring
on the porous carbon. This result is consistent with previous TEM and SEM
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Figure 2.8 (a) XRD pattern, (b) XPS survey spectrum, and the high-resolution XPS spectra of (c)

Ni 2p and (d) C 1s regions, of C@NiO nanocomposites.

In Fig. 2.8a, the peaks appeared at 37.2°, 43.2°, 62.8° (2θ), and are indexed to the crystal
planes of NiO (JCPDS Card #47-1049) well. The peaks at 24.8° also confirmed the
existence of carbon (JCPDS Card #41-1487). This XRD analysis identified the presence
of NiO and C in the as-prepared sample, which also consistent with the HRTEM
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pattern. The XPS survey spectrum of C@NiO nanocomposites further confirms the
existence of nickel, oxygen, and carbon species in Fig. 2.8b. There are two apparent
peaks located at 873.3 eV and 855.8 eV due to Ni 2p1/2 and Ni 2p3/2, as depicted in Fig.
2.8c. As a result, the binding energy peaks at 880 eV and 861 eV are assigned to the
satellite peaks of Ni 2p1/2 and Ni 2p3/2, respectively. The spin-energy separation of two
main peaks (from 873.3 eV to 855.8 eV) is ~17.5 eV, which is the typical characteristic
of the Ni(OH)2 phase[62], Nevertheless, all the Ni 2p peaks of the as-prepared sample
shift to higher binding energies compared to Ni(OH)2, implying a higher oxidation state
of Ni(II) ions in C@NiO nanocomposites.[13] The C 1s can be further fitted to three
peaks located at 286.4, 285.8, and 284.2 eV, corresponding to carbonyl bond, carbonoxygen bond, and carbon-carbon bond in Fig. 2.8d. The above results further confirmed
that the successful growth of NiO nanoparticles anchored on the porous carbon used to
prepare C@NiO nanocomposites.

2.3.2 UOR performance of the porous C@NiO nanocomposites
To assess the electrocatalytic performance of C@NiO nanocomposites for urea
oxidation, electrochemical measurements were applied through a typical threeelectrode setting. Urea electrolysis reaction in alkaline environmental can be expressed
as following (Equations.2-4):
Anode: CO(NH2)2 + 6OH- → N2 + 5H2O + CO2 + 6e-

Equations.2

Cathode: 2H2O + 2e- → H2 + 2OH-

Equations.3

Overall: CO(NH2)2 + H2O → N2 + 3H2 + CO2

Equations.4
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The electrochemical behaviours of the C@NiO electrode were evaluated by CV
measurements in the alkaline medium in the absence/presence of 0.33 M urea and the
pure NiO sample, and the porous carbon electrode were also tested for comparison, as
shown in Fig. 2.9.

Figure 2.9 CVs of NiO, the porous carbon and C@NiO electrodes in the absence (a) and presence

(b) of 0.33 M urea in 1.0 M KOH at a scan rate of 20 mV s -1.

As for C@NiO electrode, there is an obvious oxidation peak at ~1.32 V, which can be
attributed to the formation of NiOOH species.[11] However, C@NiO electrode
presents an improved current density for urea oxidation after the addition of urea.
Coincidentally, the onset potential of UOR is very close to the potential position where
NiOOH species are generated, implying that the fresh NiOOH species acted as active
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sites for urea oxidation, which is in line with the reported Ni-based electrocatalysts.[13,
55, 61, 64]
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porous carbon electrode, indicating that NiO nanoparticles anchoring the porous carbon
exposed more active species for urea oxidation and enhanced the electrocatalytic
performance of UOR. Fig. 2.10a reveals the linear sweep voltammetry curves of
C@NiO electrode compared with the porous carbon and commercial 20% Pt/C in the
alkali media containing 0.33 M urea. The current density of C@NiO electrode increases
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with the potential moved towards the positive side, while the other two samples only
show minor changes. The UOR catalytic performance of C@NiO is estimated by Tafel
curves in Fig. 2.10b. A more intuitional comparison of potential (the current density of
10 mA cm-2) and Tafel information among C@NiO electrode, the porous carbon and
commercial 20% Pt/C can be found in the histogram (Fig. 2.10c), in which C@NiO
electrode presents the lowest potential to attain 10 mA cm-2. The Tafel slope of C@NiO
(87.2 mV dec-1) is also lower than those of the porous carbon and commercial Pt/C,
implying faster UOR kinetics for C@NiO electrode.
As presented in Table 2.1, UOR performance of several electrocatalysts are listed. The
C@NiO electrode presents a smaller potential and lower mass loading than that of the
porous carbon and commercial Pt/C, suggesting the favorable reaction kinetics for
UOR.
Table 2.1 Comparison of the UOR performance and mass loadings between recently reported
electrocatalysts

Samples

Ni-MOFa

Mass

Electrolyte

Potential

loading

/V vs. RHE

/mg cm-2

10 mA cm-2

0.26

1.0 M KOH + 0.33

Ref./Year

1.36

[13]/2017

1.46

[13]/2017

1.64

[13]/2017

M Urea
Ni(OH)2

0.26

1.0 M KOH + 0.33
M Urea

Pt/C

0.26

1.0 M KOH + 0.33
M Urea
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α-Ni(OH)2

0.142

1.0 M KOH + 0.33

1.39

[65]/2018

1.35

[66]/2019

1.33

[67]/2017

1.39

[68]/2017

1.42

[35]/2019

1.43

[69]/2019

5.0 M KOH + 0.33

0.32 vs.

[70]/2020

M Urea

Hg/HgO

1.0 M KOH + 0.33

1.39

[71]/2020

1.36

This

M Urea
Ni(OH)2-NMsb

--

1.0 M KOH + 0.33
M Urea

NiO/Grc

--

0.5 M NaOH + 0.3
M urea

NiO/Gtd

--

0.5 M NaOH + 0.3
M urea

Ni(OH)2

0.285

1.0 M KOH + 0.33
M Urea

NiCu/CNFe

28.05

1.0 M KOH + 1.0
M Urea

NiCo

--

LDH/NiCo(OH)2f
FeNi Oxide

--

M Urea
C@NiO

0.075

1.0 M KOH + 0.33
M Urea

a: MOF, metal-organic framework
b: NM, nanomeshes
c: Gr, graphene

work
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d: Gt, graphite
e: CNF, carbon nanofiber
f: LDH, layered double hydroxide

2.3.3 Mechanism investigation via electrochemical measurements
EIS measurement was also tested to obtain more information about the catalytic
performance of C@NiO nanocomposites. The porous carbon, 20% Pt/C and the bare
GCE all received the same test for comparison. The results presented in Fig. 2.10d
indicate that C@NiO electrode presents a much smaller Nyquist semicircle than that of
the porous carbon, 20% Pt/C and the bare GCE under an open-circuit potential,
revealing that it has a much faster charge transfer than other samples, which matched
with the previous polarization curves as well.
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Figure 2.11 Linear plots of double-layer capacitance to assess the electrochemically active surface

area.
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Electrochemical active surface area (ECSA) measurements were further performed to
study the electrochemical double-layer capacitance (Cdl) among C@NiO, the porous
carbon, 20% Pt/C and the bare GCE. As demonstrated in Fig. 2.11, C@NiO electrode
was calculated to be 4.82 mF cm-2, well above the values of the porous carbon (3.98
mF cm-2), 20% Pt/C (4.07 mF cm-2) and the bare GCE (4.02 mF cm-2). Calculation
details can be found in Fig. 2.12. This means C@NiO electrode has larger active surface
area with more active sites that promote UOR efficiently. In addition, the presence of
urea increases the current density of the anode as the potential increase is applied.

Figure 2.12 Cyclic voltammetry curves of (a) GCE, (b) The porous carbon, (c) 20% Pt/C and (d)
C@NiO electrode measured in 1.0 M KOH solution at scan rates from 10 to 30 mV s -1. Note: CV
curves recorded in the non-faradaic region at different scan rates were presented in Fig. S5. The
electrochemical double-layer capacitance (Cdl) is calculated according to the following formula: jc
= VCdl (a plot of jc versus V gives out a straight line with a slope equal to Cdl).
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As presented in Fig. 2.13, the current density of C@NiO electrode presents an
increasing stepwise potential in 1.0 M alkali solution with/without 0.33 M urea. When
the positive potential (0.1-0.4 V vs. Ag/AgCl) was applied, there are no redox cycles
corresponding to the conversion of Ni2+ species to Ni3+ species before urea addition.
When the potential (0.5-0.8 V vs. Ag/AgCl) larger than the onset potential was applied,
a higher current density was obtained owing to the OER effect. It can be inferred that
the porous C@NiO nanocomposites induce a high electron transfer and mass transport
rate due to their excellent electrical conductivity.
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Figure 2.13 The current response at the different potential from 0.1 to 0.8 V vs. Ag/AgCl on the

C@NiO electrode in the absence and presence of 0.33 M urea in 1.0 M KOH.
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Moreover, the stable multistep chronopotentiometry (CP) curves also suggest better
conductivity and mass transport of C@NiO electrode for UOR performance. The
stability of C@NiO electrode during urea oxidation was further examined, as shown in
Fig. 2.14. It can be observed that the current density of C@NiO electrode only shows
negligible degradation compared with the commercial 20% Pt/C after 1800 s testing
under an applied potential of 1.3 V vs. RHE. This indicates that C@NiO electrode has
good catalytic stability in alkali with urea. To further confirm the structural stability
after long-term durability, the stripped sample from the working electrode was observed
again by the TEM technique. The original layer structure with uniform NiO
nanoparticles was kept, as demonstrated in Fig. 2.15.
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Figure 2.14 Chronoamperometry curves of C@NiO and 20% Pt/C in the 1.0 M KOH containing

0.33 M urea at an applied potential of 1.3 V (vs. RHE).
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Consequently, it can be concluded that C@NiO electrode shows excellent UOR
performance owing to i) NiO nanoparticles directly anchored on the porous carbon
enlarge the electrochemically active surface area; ii) the transparent carbon layer could
enhance its electrical conductivity, providing faster electron transfer and mass transport
between nanoparticles and the carbon matrix, improving UOR electrocatalytic
performance, reducing NiO nanoparticles direct contact with electrolyte, and thereby
enhancing the stability.

Figure 2.15 TEM images (a-b) of C@NiO nanocomposites after durability test, (c) HRTEM image

of C@NiO nanocomposites and (d) with the corresponding height profile.

2.3.4 Mechanism investigation via theoretical calculations
To gain insight into the synergistic effect in C@NiO nanocomposites towards urea
oxidation, spin-polarized DFT calculations were utilized to provide more details in this

34
work. Generally, CO(NH2)2 is primarily adsorbed on the surface of electrocatalysts
during urea electrooxidation. It indicates that the adsorption energy of urea plays an
important function in determining electrocatalytic urea oxidation[72]. It is noteworthy
that our DFT calculations do not take all the experimental details into account, and the
graphene was present as an alternative structure to simulate the porous carbon,
qualitatively revealing the influence of the porous structure on the electronic structure
of NiO nanoparticles. The graphene/NiOOH and graphene/NiO heterojunctions were
chosen as the theoretical models in this work (Figs. 2.16a-b).

a

c

Urea

Urea

b

d

e 2.16 The structural model of the porous
f C@NiO and urea under different views (a-b). The
Figure
electron density difference of urea adsorbed on (c) C@NiO and (d) C@NiOOH, the red hooded
face means enrichment of electrons while the blue one means the deficiency of electrons.

According to the DFT calculations, the urea preferred to adsorb on the surface of
C@NiOOH heterojunction and the adsorption energy is -1.53 eV, while the adsorption
energy is only -0.97 eV on the C@NiO heterojunction (Fig. 2.17a). Moreover, the
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electron density difference as shown in Figs. 2.16c-d, and the slice of electron density
difference in Figs. 2.18a-b showed that a few more electrons from Ni transferred to the
O atom of the urea on the C@NiOOH heterojunction than that on C@NiO
heterojunction, which means that the alkaline environment plays an important role in
the UOR, and it can be deemed that the Ni(III) species presented its favorable active
sites.

Figure 2.17 (a) The adsorption energy of urea on the porous C@NiO and C@NiOOH. (b) The

adsorption energy of CO2 on the porous C@NiO and C@NiOOH, the inserted two pictures are
the electron density difference of CO2 adsorbed on C@NiO and C@NiOOH, respectively. The red
area means enrichment of electrons while the blue means the deficiency of elections. (c) The d
density of states of Ni in NiO (doted red line) and NiOOH (black line), respectively. The fermi level
is set to zero, and the vertical lines represent the d band center.
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Figure 2.18 Slice images of the adsorption of urea molecule on the surface of (a) C@NiO and (b)

C@NiOOH heterojunctions and the corresponding slice of electron density difference. The contour
around the atoms represents the electron accumulation (red) or electron deletion (blue).

Besides, CO2 adsorption on the surface or interface of the catalysts is significant to the
remarkable UOR performance[73]. Moreover, the rate-determining step in UOR is the
adsorbed CO2 desorption from active sites[74]. Thus, the adsorption energy of CO2 on
C@NiO electrode and C@NiOOH was comparatively studied with DFT calculations.
As illustrated in Fig. 2.17b, it can be determined that the adsorption energy of CO2 on
the C@NiO is -0.57 eV, while it becomes almost zero on the C@NiOOH surface, which
means a much weaker CO2 adsorption over C@NiOOH. Furthermore, the calculated d
band center of Ni in C@NiO is -1.97 eV, while it is far from the Fermi level and
decreases to -2.20 eV for the Ni in C@NiOOH (Fig. 2.17c). The lower d band center
leads to the weaker adsorption for CO2. From this viewpoint, it effectively retards the
“CO2 poisoning” of electrocatalyst, ensuring superior UOR performance.
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2.3.5 UOR performance enhancement mechanism discussion
The improvement of UOR performance is mainly from the synergistic effect between
NiO and the porous carbon, as illustrated in Fig. 2.19. It can be ascribed to several
reasons, i) NiO nanoparticles directly encapsulated onto the porous carbon enlarged the
electrochemically active surface area with more active sites. For example, 3D
interwoven-like structure could afford more active sites and enable gas release from the
reactions in the material preparation viewpoint. ii) The transparent carbon layer could
enhance its electrical conductivity, providing faster electron transfer and mass transport
between nanoparticles and the carbon matrix, improving UOR electrocatalytic
performance, reducing NiO nanoparticles direct contact with electrolyte, therefore
enhancing the stability. iii) The synergistic effect in C@NiO nanocomposites could
regulate the electron density to optimize active sites and promote electrocatalytic UOR
performance efficiently in terms of theoretical calculations.

N2+CO2

OHNi(III)

Ni(II)

Ni(II)

Urea
Electrolysis

C@NiO/GCE

6eNiO

Urea oxidation reaction

Figure 2.19 The mechanism of UOR on C@NiO electrode.
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2.4 Conclusions
In summary, we have reported the nickel oxide nanoparticles supported on the
carbonized eggshell membrane with interwoven networks as low-cost electrocatalysts
(C@NiO) for urea oxidation. The resultant C@NiO electrode exhibited much better
electrocatalytic urea oxidation performance than that of the commercial 20% Pt/C under
the same test conditions. It can achieve a current density of 10 mA cm-2 at 1.36 V (vs.
RHE) and 25 mA cm-2 at 1.46 V (vs. RHE) and a low Tafel slope of 87.2 mV dec-1.
Such an excellent urea oxidation performance could be attributed to the synergetic
effect in the porous carbon and NiO nanoparticles which provides excellent
electrocatalytic activity and stability in the C@NiO nanocomposites. Moreover, from
theoretical calculations, Ni(III) species and the porous carbon further enabled the
electrocatalyst to effectively inhibit “CO2 poisoning” of electrocatalysts, guaranteeing
its superior UOR performance. This study promotes the low-cost UOR electrocatalyst
design with porous structure and uniform composition and develops biomass-derived
applications in urea conversion based on the concept of “trash to treasure”.
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CHAPTER 3 DFT INVESTIGATION OF NIO@GRAPHENE COMPOSITE AS
UREA OXIDATION CATALYST IN ALKALINE ELECTROLYTE3

3.1 Introduction
The continuous increase in the energy demand leads to the pursuit of a clean and
renewable energy source because non-renewable energy sources such as traditional
fossil fuels are limited and lead to global warming. It is necessary to bridge the gap
between academia and industry with extensive research and their practical applications.
Although hydrogen and oxygen evolution reactions (HER and OER respectively) have
been considered as revolutionary fuel cell designs that utilize water-splitting
technology, they suffer from efficiency drawbacks and can be used in a only pristine
fresh water and with the use of noble metal catalysts.[75, 76] Urea oxidation reaction
(UOR) is a fundamental step in fulfilling the need for practical green energy because
they do not need high-voltage supply and also do not release O2 and H2 gases
simultaneously, encountered during water splitting.[31] Furthermore, urea is an
abundant component of human and animal waste, which can result in the production of
problematic ammonia under normal degradation or standard hydrolysis practices.[77]
More importantly, the UOR process could provide an opportunity for waste disposal
and green hydrogen production.[78]

Chapter 3, in full, is a reprint of the research paper titled ‘Density Functional Theory Investigation of
the NiO@Graphene Composite as a Urea Oxidation Catalyst in the Alkaline Electrolyte’ as it published
on the journal of ACS Omega. Shun Lu, Matthew Hummel, Shuai Kang, Rajesh Pathak, Wei He,
Xueqiang Qi, Zhengrong Gu. 2021, 6, 22, 14648-14654. Shun Lu was the primary investigator and first
author of this article.
3
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In a typical UOR, urea in an alkali electrolyte is subjected to a negative potential which
drives the production of N2 and CO2 at the anode and H2 on the cathode [79]. This
process is depicted in Equations 1-3, respectively.
Anode: 𝐶𝑂(𝑁𝐻2 )2 + 6𝑂𝐻 − → 𝑁2 + 5𝐻2 𝑂 + 𝐶𝑂2 + 6𝑒 −

Equation. 1

Cathode: 6𝐻2 𝑂 + 6𝑒 − → 3𝐻2 + 6𝑂𝐻 −

Equation. 2

Overall: 𝐶𝑂(𝑁𝐻2 )2 + 𝐻2 𝑂 → 𝑁2 + 𝐻2 + 𝐶𝑂2

Equation. 3

The UOR process is slow and inefficient under normal conditions due to the 6-electron
transfer process from anode to cathode.[80, 81] Thus, it is necessary to modify the
working electrode using a catalyst. Nickel-based materials are considered as one of the
most promising groups of materials for catalysis in UOR owing to their low-cost, easy
synthesis route, and abundanance in nature.[82, 83] For example, Tamman et al.
developed a NiO modified electrode for electrocatalytic urea oxidation in the alkaline
media and confirmed the UOR process is a completely irreversible diffusion-controlled
route.[84] To improve the conductivity of Ni-based materials while maintaining the
compound’s catalytic performance, several effective strategies were applied, including
the introduction of a conductive support[85], element doping[86], high valence Nibased materials[87], and defect engineering[72]. Many of these effective strategies
were developed to realize the commercial implementation of Ni-catalyst driven UOR.
Nevertheless, the in-depth theoretical-fundamental understanding of the UOR were not
studied due to its complicated multi-step gas adsorption and desorption process.
Moreover, one major theoretical drawback found by density functional theory
calculation is the rate-limiting intermediate step of CO2 desorption during the reaction
on the anode.[73] In our previous work, we investigated the use of nano-NiO supported
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on eggshell membrane-derived carbon for a Ni-catalyzed UOR, and the periodic
heterojunction model was selected to illustrate the impact between the porous carbon
and NiO nanoparticles.[85] Meanwhile, graphene was employed as the alternative
porous carbon for simulations. It is important to add theoretical simulation to
understand the UOR process using different models, especially for the existence of the
single-atom model due to attractive findings.[88, 89] The in-depth mechanism of UOR
with NiO@Graphene is still not clear. Consequently, it is useful to employ the singleatom model to investigate the role of NiO@Graphene in the UOR process.
In this work, a single-atom model was built to understand the relationship of
NiO@Graphene composite and its urea oxidation behavior. The single-atom model,
which differs from the previous theoretical model, was applied to illustrate the influence
of between graphene and NiO nanoparticles. Meanwhile, this work also served as an
important theoretical supplement for the previous research. Prior to the investigation of
UOR, the adsorption of the hydroxyl group and urea on the NiO@Graphene was
compared. Then, the adsorption of urea and CO2 on NiO and NiOOH with graphene
was calculated and compared. The electron density difference map was also used to
study the electron transfer of NiO@Graphene composite.

3.2 Experimental
To understand the origin of the electrocatalytic urea oxidation mechanism of
NiO@Graphene composite, density functional theory (DFT) calculations were
conducted using the Dmol3 package with the Perdew-Burke-Ernzerh (PBE) formulation
of the generalized gradient approximation (GGA) program. The adsorption of urea and
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CO2 on NiO@Graphene was investigated and compared to that on NiOOH@Graphene,
respectively. The single-atom structure was selected in this investigation. The core
electrons were treated by DFT Semi-core Pseudopotentials. The DNP basis set was
chosen as it can provide more precision for hydrogen-involved calculations. The
convergence thresholds for energy change, maximum force and maximum
displacement are set to be 2×10-5 Hartree, 0.004 Hartree Å-1 and 0.005 Å, respectively.
A vacuum layer of 15 Å thickness was employed along the z-direction to eliminate the
interactions between different surfaces. In this work, the adsorption energy of urea or
CO2 is an important reference point for determining the activity and stability of a urea
electrocatalyst. Therefore, the adsorption energy of urea or CO2 over NiO@Graphene
and NiOOH@Graphene were calculated according to Equation 4.
Eads = Etotal − (Eslab + Eadsorbate)

Equation. 4

where Eads is the adsorption energy, Etotal is the total energy for the adsorption state,
Eslab is the energy of the optimized surface of C@NiO or C@NiOOH, and Eadsorbate is
the energy of single urea or CO2 molecule. So, a more negative Eads in equation 4
implies that the adsorption is thermodynamically more favorable.

3.3 Results and discussion
3.3.1 Competitive adsorption of urea/hydroxyl group on the NiO@Graphene
In earlier literatures of UOR towards NiO and its derivates, most of the theoretical
studies have been performed by considering the adsorption/desorption of CO2 in gasliquid interface which matched well with the formed *COO species.[85] However, the
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competitive adsorption of urea and hydroxyl group on the surface of NiO-based
electrocatalyst cannot be ignored before urea oxidation. Thus, to understand the
competitive adsorption, both the adsorption energy of urea and hydroxyl group were
calculated, respectively. As shown in Fig. 3.1, the adsorption energy of hydroxyl group
(route I) on the NiO@Graphene is calculated as -3.49 eV, which is higher than that of
the adsorption energy of urea (route II). It means NiOOH@Graphene was formed easily
in the alkaline media without the disturbing of urea adsorption.

I

OH-

UOR

II

Urea+6OH-→N2+5H2O+CO2+6e-

OH-

Figure 3.1 Schematic illustration of the adsorption route of urea/hydroxyl on the NiO@Graphene

(grey for C atom, red for O atom, and blue for N atom)

3.3.2 Theoretical analysis on NiO@Graphene and NiOOH@Graphene
To get an understanding of the electrocatalytically urea oxidation mechanism of
NiO@Graphene, DFT calculations were utilized based on the single-atom model.
Generally, NiO(II) nanoparticles will be oxidized into NiOOH(III) in the alkaline
environment, which is due to the redox reaction (Equation 5) occurring at the NiO(II)
nanoparticles, as shown in Fig.3.1.
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𝑁𝑖𝑂 + 𝑂𝐻 − ↔ 𝑁𝑖𝑂𝑂𝐻 + 𝑒 −

Equation. 5

𝑁𝑖(𝑂𝐻)2 + 𝑂𝐻 − ↔ 𝑁𝑖𝑂𝑂𝐻 + 𝐻2 𝑂 + 𝑒 −

Equation. 6

In a typical cyclic voltammetry diagram of pure NiO in the presence of alkaline
electrolyte, the oxidation peak around 0.35 V corresponds to the transformation of
Ni(II) to Ni(III), and the reduction peak around 0.15 V corresponds to the
transformation of Ni(III) to Ni(II).[90] The formed Ni(III) species was regarded as the
active sites for the UOR process. Before the research on nickel oxide, nickel hydroxide
was first electrooxidized to NiOOH species in alkaline media (Equation 6), and then
urea molecules adsorbed on the NiOOH species via bridging coordination, whereby a
Ni atom interacts with a C atom (Urea). It means that the onset potential for the UOR
is the potential for the formation of NiOOH via Ni electrooxidation. The next
dissociation of urea on NiOOH is a multiple processes, producing a variety of
intermediate species, such as the typical reaction pathway was proposed as: *CO(NH2)2
→ *CO(·HNNH2) → * CO(·HNNH) → *CO(·HNN) → *CO(N·N) → *CO(OH) →
*CO(NH2)2 → *CO(OH·OH) → *COO.
By analyzing the Gibbs energy and the resistance of each step (Table 3.1), they
uncovered that the rate-determining step (RDS) is the desorption of CO2 from NiOOH
species. Thus, to simplify the DFT calculation, and the adsorption of CO2 on the given
composite was used to simulate the RDS process of urea oxidation.

Table 3.1 Gibbs energies (ΔG) for the possible steps on M (M = NiOOH).[73]
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Reactions

ΔG/kJ mol-1

CO(NH2)2 + M → [M·CO(NH2)2]ads

66.2

[M·CO(NH2)2]ads + OH- → [M·CO(NH2·NH)]ads + H2O + e-

-28.9

[M·CO(NH2·NH)]ads + OH- → [M·CO(NH2·N)]ads + H2O +
e-

-185.1

[M·CO(NH2·N)]ads + OH- → [M·CO(NH·N)]ads + H2O + e-

75.4

[M·CO(NH·N)]ads + OH- → [M·CO(N·N)]ads + H2O + e-

-178.2

[M·CO(N·N)]ads + OH- → [M·CO·OH)]ads + N2 + e-

392.7

[M·CO·OH)]ads + OH- → [M·CO2)]ads + H2O + e-

-156.6

[M·CO2)]ads→ M + CO2

1242.2

Total

1227.7

Table 3.2 The DFT data for the adsorption of CO2 and urea on the surface of NiO@Graphene and
NiOOH@Graphene, respectively.

Species

NiO@GrapheneUrea

Optimized
energy/eV

Adsorption
energy/eV

The shortest
distance
between CO2
and
catalyst/Å

The shortest
distance
between urea
and
catalyst/Å

1.377778046

--

Ni-O: 1.920

-11619.6959

-0.77729845

--

NiOOH@Graphene-12072.8731
Urea
NiO@GrapheneCO2

O-H: 1.744
Ni-O: 1.920
O-H: 1.744

-10569.1883

0.628792601

Ni-O: 2.040

--

NiOOH@Graphene-11022.4195
CO2

0.082424595

Ni-O: 2.569

--
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Graphene was an alternative instead of the porous carbon in our previous work with
many advantages of high-conductivity and stable support.[85] It is noted that, graphene
preferentially anchors NiO nanoparticles via electrostatic attraction due to it is
electronegative.[90] Hence, we concluded the connection of NiO on the given graphene
substrate was achieved by the Ni-O-C bond. The optimized configurations are listed in
Fig. 3.2, and the corresponding adsorption energies of urea and CO2 molecule are listed
in Table 3.2 and Table 3.3.
Table 3.3 The optimized energy for the adsorption of CO2 and urea on the surface of NiO@Graphene and
NiOOH@Graphene, respectively, based on our model.

Species

Optimized energy/eV

CO2

-1028.03939

Urea

-2077.79804

NiO@Graphene

-9540.52016

NiOOH@Graphene

-9994.29777
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a

b

c

d

e

f

Figure 3.2 The optimized structure of (a) NiO@Graphene and (b) NiOOH@Graphene. The adsorption of
urea (c) and CO2 (d) on the surface of NiO@Graphene, and the adsorption of urea (e) and CO2 (f) on the
surface of NiOOH@Graphene. Red for oxygen, white for hydrogen, grey for carbon, blue for nitrogen, and
light blue for nickel atoms.

Weaker adsorption energy generally corresponds to a more stable system. NiO
nanoparticles reacted with the hydroxyl group in the alkaline to form NiOOH, followed
by linking the graphene substrate through the Ni-O-C bond. In the case of
NiO@Graphene composite, Ni(II) species were assumed to be the active sites, and urea
molecules were attracted on the given composite. The most active site of
NiO@Graphene composite adsorption is the Ni(II) species with an adsorption energy
of -1.37 eV (Fig. 3.3a). This interaction may originate from the interaction (Ni-O: urea)
between Ni 3d and O 2p orbital electrons of the urea molecule. However, the adsorption
energy of NiOOH@Graphene toward the urea molecule is -0.77 eV. Ni(III) species
acted as active sites for urea oxidation, the lower urea adsorption energy of
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NiOOH@Graphene suggests that it does not adsorb urea well compared to the
performance of NiO@Graphene. The possible reason for this phenomenon is the Ni-O:
urea bond between NiOOH@Graphene and urea is affected by the around groups (i.e.,
OH-). To verify this point, the adsorption energy of NiOOH@Graphene over hydroxyl
group was calculated as -2.32 eV, which is a strong interaction. This result further
confirms the above explanation and also illustrates that the urea adsorbed on the surface
of the catalyst can accelerate the electrochemical process to some extent.

a

b

-2.2
-2.0

Urea

-0.6

CO2

Adsorption energy/eV

Adsorption energy/eV

-1.8
-1.6
-1.4
-1.2
-1.0
-0.8
-0.6
-0.4

-0.5

-0.4

-0.3

-0.2

-0.1

-0.2
0.0

0.0
NiO@Graphene

NiOOH@Graphene

NiO@Graphene

NiOOH@Graphene

Figure 3.3 The adsorption energy of (a) urea and (b) CO2 molecules on the NiO@Graphene and
NiOOH@Graphene, respectively.

Moreover, the desorption step of CO2 from Ni species is regarded as the ratedetermining step for urea oxidation on the Ni-based electrocatalysts. Therefore, the
adsorption of CO2 on the NiO@Graphene and NiOOH@Graphene were calculated,
respectively (Fig. 3.3b). The CO2 adsorption of NiO@Graphene is -0.62 eV, which is
higher than that of NiOOH@Graphene (-0.08 eV). It may be due to the molecule
interaction between CO2 and the catalyst. So, the distance between CO2 and the catalyst
is an important parameter to explain this phenomenon. Consequently, the shortest
distance between CO2 and NiO@Graphene is 2.040 Å, which is slightly smaller than
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that of NiOOH@Graphene (Figs. 3.4-3.5). This result further confirms the
NiOOH@Graphene easily desorbed the CO2 molecule during urea oxidation.
Moreover, as evidence for Ni(III) species playing the active sites for efficient urea
oxidation. This result also is further explained by the electron density difference
diagrams.
a

b

c

d

Figure 3.4 The shortest distance between urea and (a) NiO@Graphene, (b) NiOOH@Graphene, and (c)
CO2 and NiO@Graphene, (d) NiOOH@Graphene.

a

b

Figure 3.5 The shortest distance between (a) urea, (b) CO2 and NiOOH.
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The electron density difference map is calculated to investigate the electron transfer
between the given sample and urea/CO2 molecules intuitively. It can be observed from
Figs. 3.6a-b that electrons transfer from the center Ni atom and the adjacent O atom of
urea to the intermediate region between NiO@Graphene or NiOOH@Graphene and
urea. There is a significant charge aggregation between Ni and O atoms (Figs. 3.6a-b),
suggesting the potential formation of Ni-O covalent bonds. This is due to the charge
transfer and redistribution leading to the hybridization of the Ni 3d and O 2p orbitals.
Considering the effect of graphene, the control experiments were also carried out under
the same condition. Graphene does not have any contributions to urea/CO2 adsorption
(Fig. 3.7).

a

b

c

d

Figure 3.6 The electron density difference of urea molecule adsorbed on (a) NiO@Graphene and (b)
NiOOH@Graphene, and CO2 adsorbed on (c) NiO@Graphene and (d) NiOOH@Graphene. The red
hooded face means the enrichment of electrons while the blue means the deficiency of elections.
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a

b

c

d

Figure 3.7 (a) The electron density difference of urea molecule adsorbed on the surface of Graphene. (b)
Slice image of the adsorption of urea molecule on the surface of Graphene. (c) The electron density
difference of CO2 molecule adsorbed on the surface of Graphene. (b) Slice image of the adsorption of CO 2
molecule on the surface of Graphene. Note: (a, c) The red hooded face means enrichment of electrons while
the blue means the deficiency of elections, (b, d) The contour around the atoms represents electron
accumulation (red) or electron deletion (blue).

From the viewpoint of electron configuration, Ni(II) species ([Ar]3d8) with two
unsaturated d orbitals could be filled by O ([He]2s22p4) well rather than that of Ni(III)
species ([Ar]3d7). Generally, the stronger the hybridization, the stronger the adsorption
is toward a urea molecule. NiO@Graphene presents the larger overlapping area of
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charge density and with the stronger covalent interaction (Fig. 3.8). As for CO2
adsorption, the NiO@Graphene composite presents similar adsorption behavior. In the
whole electrochemical urea oxidation process, the adsorption/desorption of CO2 is
regarded as the key descriptors for the UOR in an alkaline environment. So,
NiOOH@Graphene composite performs better desorption behavior compared to
NiO@Graphene (Fig. 3.9).

a

b

Figure 3.8 Slice images of the adsorption of urea molecule on the surface of (a) NiO@Graphene and (b)
NiOOH@Graphene and the corresponding slice of the electron density difference. The contour around the
atoms represents electron accumulation (red) or electron deletion (blue).

a

b

Figure 3.9 Slice images of the adsorption of (a) urea and (b) CO2 molecule on the surface of NiOOH. The
contour around the atoms represents electron accumulation (red) or electron deletion (blue).
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To further confirm this conclusion, the slight electron density difference. Fig. 3.10
shows that a few more electrons from Ni atom to the O atom of urea on the
NiOOH@Graphene composite than that on the NiO@Graphene, which indicates that
Ni(III) species presented its favorable active sites in the key step of UOR. This is in
line with the adsorption energy results that NiO@Graphene composite shows the
favorable adsorption toward urea, and NiOOH@Graphene composite shows better CO2
desorption performance in the key reaction.

a

b

Figure 3.10 Slice images of the adsorption of CO2 molecule on the surface of (a) NiO@Graphene and (b)
NiOOH@Graphene and the corresponding slice of the electron density difference. The contour around the
atoms represents electron accumulation (red) or electron deletion (blue).

The above results demonstrate that NiO@Graphene composite can effectively adsorb
urea, and then form a Ni-O covalent bond with urea, which is well-related to the
adsorption/desorption properties and surface charge density of molecules. After
NiOOH@Graphene is formed in the alkaline media, Ni 3d orbitals are bonds to O 2p
orbital of urea near the Fermi level, suggesting the charge transfer between Ni and O
atoms. Furthermore, based on the DOS (Density of State) diagram in NiO@Graphene
and NiOOH@Graphene, the peaks of NiOOH@Graphene become tightened (Fig.
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3.11). The peaks of Ni 3d in the NiOOH@Graphene shift to lower energy near the
Fermi level than that of NiO@Graphene. The center of Ni 3d orbitals peak moves from
-1.61 eV (NiO@Graphene) to -2.42 eV (NiOOH@Graphene). Additionally, more
electrons flow from Ni atom to O atom to establish a strong Ni-O bond, resulting in COads with weakened bond energy, and thus facilitating the *COO desorption from urea.
Generally, the Fermi level can expose the ability of electron transfer on the
electrocatalyst surface. The larger the Fermi level, the higher the electron transfer
capability. Compared to the Fermi level of NiO@Graphene (1.61 eV), the much larger
Fermi level NiOOH@Graphene (2.42 eV) suggests that the Ni(III) sample can
significantly improve the electron transfer ability of NiOOH@Graphene. Besides, the
lower d band center leads to weaker adsorption for CO2. Based on the above DFT
analysis, we conclude that the active electron density of NiOOH@Graphene was
effectively upshifted in the UOR process.

6
DOS (electrons/eV)

5

4
3
2
1
0

-10
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Energy/eV
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-1

Figure 3.11 The d density of states of Ni in NiO (doted red line) and NiOOH (blue line), respectively. The
Fermi level is set to zero, and the vertical lines represent the d band center.
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3.3.3 Comparison of heterojunction model and single-atom model
In our previous work, the heterojunction model based on NiO nanoparticles and
graphene was constructed to simplify the theoretical work. The heterojunction structure
is a general model to simulate the multi-component composite. DFT calculations with
the CASTEP package were employed to reveal the effect of biomass-derived porous
carbon on the UOR performance of NiO@C nanocomposite and uncover the Ni(III)
species working as active sites for UOR. In this process, NiO@C nanocomposite just
played the intermediate role. It turned into NiOOH@C nanocomposite with the
assistance of the alkaline media, then Ni(III) species in NiOOH@C acted as active sites
for efficient urea oxidation. However, the above model just qualitatively revealed the
influence of the porous structure on the electronic structure of NiO nanoparticles and
the synergistic effect between NiO nanoparticles and the porous carbon. From the
observed SEM and TEM images, it is also applicable for the single-atom model
considering the Ni species acting as active sites and the ideal carbon substrate in the
UOR. Furthermore, DFT calculations with the Dmol3 package were used in this study
to investigate the role of Ni(III) species in the UOR. A different phenomenon was
observed in that NiO@Graphene has the favorable adsorption of urea. It indicates
NiO@Graphene turned into NiOOH@Graphene in the alkaline electrolyte first and
then urea absorbed on NiO@Graphene.
Based on the above analysis, it can be demonstrated that NiO@Graphene shows
favorable adsorption of the hydroxyl group in the first stage, then turned into
NiOOH@Graphene under the alkaline condition for efficient urea oxidation. The
presence of Ni(III) species and excellent electrical conductivity of NiOOH@Graphene
shows better desorption of CO2. Moreover, benefiting from the excellent conductivity
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of graphene, electrons transferred from urea to NiOOH@Graphene through the Ni-O:
urea bond easier. Graphene also provides a function for facilitating alkaline electrolyte
diffusion, ensuring the formation of Ni(III) species, and promoting mass transfer
effectively. Such a composite structure has the above merits to guarantee the stability
and efficiency of NiO@Graphene as an efficient UOR electrocatalyst.

3.4 Conclusions
In this work, the single-atom model, NiO nanoparticles was bonded with graphene as
NiO@Graphene composite, was constructed for the electrochemical urea oxidation in
terms of a theoretical view. DFT calculations showed that NiO nanoparticles dispersed
on

graphene

provide

strong

adsorption

with

the

hydroxyl

group,

then

NiOOH@Graphene was formed after NiO@Graphene reacted with the hydroxyl group.
Compared to NiO@Graphene, NiOOH@Graphene presents higher desorption energy
for the CO2 molecule in the key rate-determining step. Notably, Ni(III) species in the
NiOOH@Graphene is the most favorable sites for the urea oxidation reaction.
Moreover, NiOOH@Graphene not only guarantees the stability of NiOOH and
graphene, but also promotes the electron transfer between NiOOH and graphene.
Benefiting from the coupling effect between the Ni(III) species and graphene, the
NiO@Graphene can theoretically reach excellent electrocatalytic urea oxidation. These
studies provide the theoretical guidance that the NiO@Graphene played the
intermediate role in the urea oxidation process before Ni(III) species formed in the
alkaline electrolyte. NiOOH@Graphene also facilitates the desorption of CO2 from the
catalyst surface for UOR catalysis. More experimental investigations based on the NiO
nanoparticles and graphene will be verified in the followed work.

57
CHAPTER 4 NICKEL OXIDE IMMOBILIZED ON THE CARBONIZED
EGGSHELL MEMBRANE FOR ELECTROCHEMICAL DETECTION OF UREA4

4.1 Introduction
Urea (CO(NH2)2) is the main nitrogen-containing substance from the urine of human
activity and mammal animal, which is also an effective and critical indicator in
evaluating various metabolic disorders.[17, 91, 92] Urea can decompose naturally to
toxic ammonia and nitrates permeating into groundwater, then cause environmental
problems and even health issues.[21, 22, 93] Therefore, the detection of urea
concentration and decomposition of urea-rich sewage is vitally important in human
health and environment industries.[13, 23, 24, 28, 94, 95] The electrochemical urea
oxidation reaction (UOR, CO(NH2) 2 + 6OH- → N2 + CO2 + 5H2O + 6e-) was developed
in recent years making urea electrolysis easier, consuming much less energy (0.37 V)
compared to the electrochemical process of water splitting (1.23 V) in terms of
hydrogen production [11, 17], and also utilizing this reaction for electrochemical sensor
for urea.[96-98] Gupta and co-authors reported several electrochemical sensors with
metal ions[99-102], uric acid[103], dexamethasone[104], and corticosteroid
triamcinolone[105] via voltammetry and amperometry. Electrochemical measurements
are regarded as favorable for quantitative analysis due to their fast response and high
sensitivity.[99, 106-114]

Chapter 4, in full, is a reprint of the research paper titled ‘Nickel oxide immobilized on the carbonized
eggshell membrane for electrochemical detection of urea’ as it published on the journal of Journal of
The Electrochemical Society. Shun Lu, Zhengrong Gu, Matthew Hummel, Yue Zhou, Keliang Wang,
Ben Bin Xu, Yucheng Wang, Yifan Li, Xueqiang Qi, Xiaoteng Liu. 167.10 (2020): 106509. Shun Lu
was the primary investigator and first author of this article.
4
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Eggshell membrane (ESM), is derived from the eggshells of industrial egg processors
and regarded as biowaste.[115] ESM is mainly comprised of proteins which form
interwoven fibrous structures that has a strong adsorption capacity to bind and confine
metal ions.[116] Besides, it also can keep a stable structure in aqueous and alcoholic
media and undergo pyrolysis.[117] Interestingly, these biowaste ESM used as a support
could effectively immobilize and disperse nanoparticles and is the reason for the unique
three dimensional (3D) porous network with plenty of functional groups such as amines,
amides and carboxylic surface functional groups and the resulting nanocomposites have
been reported to display enhanced catalysis and sensing activity such as
CoFe2O4@C[118], NiO-Ni@C[119], FeS@C[120] and Au network[121], etc.[52, 54]
The unique network structure of ESM composed of biomacromolecular fibers provides
a novel template for the functional groups, with superior porosity and specific surface
area, which can offer multiple transport pathways for both electrons and ions.
In this work, ESM was utilized here as a bio-template for the rational design of the
electrode material. Furthermore, nickel ions can be absorbed on its surface to form the
precursor (Ni(OH)2/ESM). Consequently, we reported an integrated 3D network
composed of NiO nanoparticles anchoring on the carbonized ESM using a mixed
method of hydrothermal and pyrolysis. The NiO nanoparticles anchored 3D carbonized
network of the catalyst provides more catalytic active sites and enables easy access of
reactants to the catalyst surfaces. Experimental results confirmed the synergetic effect
between NiO nanoparticles and the c-ESM with higher exposed active sites and faster
electron transport, ensuring superior performance of urea detection. It is worth
mentioning that the biowaste ESM can be converted into a useful support for the as-

59
prepared sensor. This work also sheds light on the potential for further applications in
“trash to treasure”.

4.2 Experimental
4.2.1 Chemical and reagents
All reagents were of analytical reagent grade, purchased from Fisher Scientific Co LLC
and Alfa Aesar Chemical Reagent Co, Ltd., and used as received without further
purification. Fresh eggs were bought from the local market.

4.2.2 Preparation of c-ESM
The eggshell membrane was processed first by removing the eggshell, then rinsed with
large amounts of de-ionized water (DIW, 18.4 MΩ cm-1, Milli-Q) to remove excess
yolk and egg white and dried at room temperature, followed by calcination at 500 °C
for 2 h under a heating rate of 10 °C/min in a N2 atmosphere. The carbonized ESM
(named as c-ESM) was collected after washing with DIW and drying at room
temperature.

4.2.3 Synthesis of 3D NiO/C nanocomposites
Briefly, 3D NiO/C nanocomposites were fabricated through a simple two-step method,
as illustrated in Fig. 4.1. (i) eggshell with a top hole was rinsed with large amounts of
DIW in order to obtain a clean container, then 0.1 M Ni(NO3)2 solution was transferred

60
into a cleaned eggshell, and 20 mL urea solution was added into a beaker. (ii) eggshell
with nickel nitrate aqueous was immersed into urea solution in a beaker and maintained
at 70 ℃ for 6 h. In this process, a large amount of Ni2+ ions were absorbed on the
microporous network of ESM, and hydroxyl (OH-) ions produced from the urea while
heating. (iii) the reaction system was cooled to room temperature naturally, and the
Ni(OH)2/ESM precursor was peeled from eggshell reactor. The stripped precursor was
rinsed thoroughly with DIW. (iv) Ni(OH)2/ESM was calcined at 500 ℃ for 2 h in the
protection of N2, the final product (NiO/c-ESM) was then cooled to room temperature
with N2 protection. The resulting black powder of 3D NiO/c-ESM nanocomposites was
collected for further use. Pure NiO particles were synthesized with the same procedure
except for the absence of ESM for comparison.

Ni2+
OHESM, Eggshell membrane

i: Hydrothermal
Treatment

iii: Annealing at
500 ℃ for 2 h

ii: Stripping;
Dried in 70 ℃

Ni2+ and OH- are
separated by ESM

Ni(OH)2/ESM precursor

NiO/c-ESM

Figure 4.1 Illustration of synthesis procedure of NiO/c-ESM

4.2.4 Physical characterization.
Structural information of the samples was carried out with X-ray diffraction (XRD,
Rigaku, λ= 1.5418 Å). The scanning electron microscopy (SEM, Hitachi S-3400N) was
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used to observe the surface morphologies of the as-prepared samples. Transmission
electron microscopy (TEM, JEOL JEM-2100F) and high-resolution transmission
electron microscope (HRTEM) were operated under an accelerating voltage of 200 kV.
STEM-EDS (Oxford) was used for confirming the possible elements of the as-prepared
sample.

4.2.5 Electrochemical characterizations.
All electrochemical tests were carried out on an electrochemical workstation (CHI 760E,
Austin, Texas) with a typical three-electrode system. A catalyst-modified glassy carbon
electrode (3 mm in diameter), Pt foil, and Ag/AgCl with saturated KCl solution were
selected as the working electrode, counter electrode, and reference electrode,
respectively. The details of electrode preparation and electrochemical setup were set up
according to previously reported work. The loading mass of the as-prepared catalyst (4
µL, 1.33 mg mL-1) on the electrode surface is ca. 0.075 mg cm-2. All electrochemical
tests were also performed with the same setting as previously reported[112]. Square
wave voltammetry (SWV) was chosen as the primary technique for detection. Here, all
tests were performed at 25 ℃ and all potentials were converted versus a reversible
hydrogen electrode (RHE) based on the Nernst equation: (ERHE = EAg/AgCl + 0.059×pH
+ 0.21 V, 25℃) unless otherwise specified.
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4.3 Results and discussion
3D NiO/c-ESM nanocomposites were prepared through a simple two-step method, as
schematically demonstrated in Fig. 4.1. The mechanism for preparation of NiO/c-ESM
nanocomposites can be expressed as follows (Equation.1-4):
𝐶𝑂(𝑁𝐻2 )2 + 𝐻2 𝑂 → 𝐶𝑂2 + 𝑁𝐻3

Equation. 1

𝑁𝐻3 + 𝐻2 𝑂 → 𝑁𝐻4+ + 𝑂𝐻 −

Equation. 2

𝑁𝑖 2+ + 2𝑂𝐻 − + 𝐸𝑆𝑀 → 𝑁𝑖(𝑂𝐻)2 /𝐸𝑆𝑀

Equation. 3

𝑐𝑎𝑟𝑏𝑜𝑛𝑖𝑧𝑎𝑡𝑖𝑜𝑛

𝑁𝑖(𝑂𝐻)2𝐸𝑆𝑀 →

𝑁𝑖𝑂𝑐−𝐸𝑆𝑀 + 𝐻2 𝑂

Equation. 4

X-ray diffraction has been applied to study the structural information of the as-prepared
samples. Fig. 4.2a reveals that the XRD pattern of NiO/c-ESM nanocomposites. A
series of typical diffraction peaks (2θ: 37.2°, 43.2°, 62.8°) corresponding to (111), (200)
and (220) crystal planes, indicating the formation of pure nickel oxide (JCPDS No.471049). Furthermore, the broad peak at 2θ of 24.8° corresponds to an experimental d
spacing of 3.37 Å indicating presence of graphite-like carbon (JCPDS No. 41-1487).
Fig. 4.2b presents that the SEM image of NiO/c-ESM nanocomposites with an obvious
network-like morphology. TEM images (Fig. 4.2c-d) further confirmed the c-ESM and
NiO/c-ESM with the crosslink-like morphological feature and its pore lateral size of
~200 nm, while the transparent characteristic of the c-ESM indicates its ultrathin
thickness. In the Fig. 4.2e, NiO nanoparticles (size: ~15 nm in diameter) were anchored
on the surface of c-ESM with high and even dispersion identified by TEM observation,
their morphology appears good dispersion. Fig. 4.2f presents the nitrogen
adsorption/desorption

isotherm

and

pore

size

distribution

of

NiO/c-ESM
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nanocomposites. The BET specific surface areas of NiO/c-ESM was found to be 79.6
m2 g-1. The isotherms resemble the type IV classification. The hysteresis loop starts at
the relative pressure (P/P0) of about 0.45 and extends almost to 1, indicating that NiO
nanoparticles are mesoporous, which is associated with the c-ESM with the filling of
the mesopores. The inset of Fig. 4.2f also confirmed NiO nanoparticles with the average
diameter of ~15 nm, are consistent with TEM observation.

Figure 4.2 (a) XRD pattern and (b) SEM image of NiO/c-ESM, TEM image of (c) c-ESM and (d) NiO/cESM, (e) selected area TEM from (d), (f) BET analysis of NiO/c-ESM, inset: pore size distribution of NiO/cESM corresponding to (f).
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To further verify the surface topology of the 3D NiO/c-ESM nanocomposites, the
elemental composition is illustrated by using scanning transmission electron
microscopy-energy dispersive X-ray spectroscopy (STEM-EDX) mapping. Fig. 4.3
presents EDX results of the 3D NiO/c-ESM nanocomposites, they prove that the asprepared nanocomposite is mainly composed of Ni, O and C (here, the existence of Ca,
Cr, and Cu is caused by the Cu mesh), and STEM-EDS mapping in Fig. 4.3c indicates
that these elements are dispersed uniformly. Based on the above observation (Fig. 4.14.2), it can be proposed that nickel ions are adsorbed on the inner surface of ESM during
the preparation of NiO/c-ESM nanocomposites and, hydroxyl ions released from urea
reacted with the adsorbed nickel ions. This kind of hybrid precursor kept the networklike structure synergistically stable and prevents the shrinkage caused by thermal
annealing.[119, 122] Therefore, the surface of NiO/c-ESM nanocomposites become an
obvious network-like morphology with plenty of porous structure.
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Figure 4.3 (a) EDX spectra, (b) element contents and (c) STEM-EDX mapping images of NiO/c-ESM.
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Figure 4.4 Cyclic voltammograms of NiO/c-ESM, NiO and c-ESM electrodes in the presence and absence of
urea in 1.0 M KOH solution.

The electrocatalytic performance of NiO/c-ESM toward urea is evaluated by CV
employing a typical three-electrode testing system. Fig. 4.4 displays CVs of NiO/cESM in 1.0 M KOH solution in the absence and presence of 0.33 M urea, c-ESM was
also tested for comparison. It has seen that after the addition of 0.33 M urea, there was
almost no change for c-ESM in terms of current density. In sharp contrast, NiO/c-ESM
has an obvious increase in oxidation peak current response due to the oxidation of Ni(II)
to Ni(III) in the presence of OH- ions for NiO nanoparticles anchored on the c-ESM.[13]
The electrochemical kinetics of urea oxidation reaction was investigated in 1.0 M KOH
solution containing 10 mM urea. (Fig. 4.5a). The relationship of peak current (Ip) and
scan rate is investigated and compared (Fig. 4.5b-c). The peak current (Ip) plots were
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linearly proportional to the square root of the scan rate with a higher correlation
coefficients (R2) of 0.998, suggesting a diffusion-controlled process (Fig. 4.5c).

Figure 4.5 (a) Cyclic voltammograms of NiO/c-ESM in the presence of 10 mM urea in 1.0 M KOH at
different scan rate (20-120 mV s-1). Comparison of calibration plot of peak current vs. function of scan rate:
(b) calibration plot of peak current vs. scan rate, (c) calibration plot of peak current vs. square root of scan
rate. (d) Amperometric response of NiO/c-ESM in 1.0 M KOH with 2.0 mM of urea at potential of 1.45 V
(vs. RHE), (inset) the plot of I vs. t-1/2 derived from the amperometric curve.

Furthermore, the double layer capacitance (Cdl) has been studied to measure the
electrochemical active surface area (EASA) of NiO/c-ESM and c-ESM modified
electrodes (Fig. 4.6a) by CV technique in a narrow potential range (0.06-0.16 V,
nonfaradaic zone) with a series of scan rates.[54, 123-125] After calculation, the EASA
of NiO/c-ESM electrode is ~70.1 cm2 higher than NiO electrode (50.3 cm2) and c-ESM
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electrode (66.8 cm2), suggesting that the effective active sites of NiO/c-ESM for urea
oxidation is higher than that of c-ESM.[126]

Figure 4.6 (a) The double layer capacitance of NiO/c-ESM, NiO and c-ESM electrode in a narrow potential
range in 1.0 M KOH at different scan rates (2-10 mV s-1). (b) Nyquist plots of NiO/c-ESM, NiO and c-ESM
electrode in 1.0 M KOH.

Electrochemical impedance spectroscopy (EIS) can be used to analysis the electron
transfer process and impedance changes on the surface of the working electrode. Fig.
4.6b displays Nyquist plots of NiO/c-ESM and c-ESM under a loading potential of 1.45
V. The semicircular diameter of NiO/c-ESM (Rct, 4.8 Ω) is smaller than that of NiO
(Rct, 8.2 Ω) and c-ESM (Rct, 6.4 Ω), revealing that NiO/c-ESM has a better charge
transfer during urea oxidation. Combined EASA calculation and EIS analysis, it
demonstrated that NiO/c-ESM could be a potential electrode material for urea
determination.
Square wave voltammetry (SWV) measurement was employed to record the response
of the NiO/c-ESM electrode with a series of urea concentrations. NiO(II) nanoparticles
were oxidized to NiOOH(III) during the electrochemical process, then catalyzes the
decomposition of urea. The functional Ni(III) which worked as an active species, is
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simultaneously oxidized in the process. Benefiting from efficient electron transfer and
reversible properties of the NiO nanoparticles and the porous c-ESM. The electrons
generated from Ni(III)/Ni(II) redox are transferred to the surface of electrode. The
NiO/c-ESM electrode presents a sensitivity of 0.462 μA mM-1 cm-2 in the inset of Fig.
4.7. The results show that the limit of detection (LOD) is calculated to be ∼20 μM from
the SWV curves with the linear range from 0.05 to 2.5 mM with a correlation coefficient
of 0.988 (3σ). This electrochemical sensor could achieve urea detection within 7 s
(single sample).
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Figure 4.7 SWV curves of NiO/c-ESM to detect urea, inset: calibration curve of current density vs. urea
concentration.
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Table 4.1 compares the data from the as-proposed sensor and other electrochemical
sensors based on the urea determination, the as-proposed sensor exhibits lower LOD
and superior sensitivity. The electrocatalytic activity and sensitivity toward urea for
NiO/c-ESM could be attributed to the 3D network of c-ESM and NiO nanoparticles
configuration of this electrode while exposes more active sites facilitating sufficient
transport of reactants and products.

Table 4.1 Sensing performance of the NiO/c-ESM electrode and recently reported electrochemical sensors
towards urea

Electrode

Substrate

Linear
range

Sensitivity

LOD/

/μA mM-1 cm-

μM

/mM

2

References

Ur-NiO

ITOa

0.9911.50

22.39

N/A

[127]

MWCNTb

Silica

0.0021.07

2.3

N/A

[128]

NiCo2O4/Graphene

ITO

0.06-0.30

166

5

[24]

Rh/Urc

Platinum

0.1-1.75

1.85

50

[96]

NiO/Ur

ITO

0.8316.65

21.3

830

[129]

MSA-QDsd

Optical
method

0.01-120

N/A

10

[130]

NiO/c-ESM

Glassy
carbon

0.05-2.5

0.462

~20

This work

a: Indium tin oxide; b: Multi-wall carbon nanotube; c: Urease; d: Quantum dots.
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Figure 4.8 (a) The current responses to the addition of urea and different interfering species: 2.0 mM
glucose, 2.0 mM Na+, 2.0 mM K+, 4.0 mM Cl- and 2.0 mM uric acid. (d) Cycling stability tests of NiO/c-ESM
in 1.0 M KOH with 0.33 M urea at a scan rate of 50 mV s-1.

Selectivity and anti-interfering are another major index in evaluating the performance
of electrochemical sensor. As displays in Fig. 4.8a, the current responses to different
interfering species, such as Glucose (Glu), Na+ ions, K+ ions, and uric acid (UA) and
the addition of urea was recorded. Those interfering species have similar electroactive
behaviours that are easy to be oxidized, so their influences are non-negligible. It can be
found that the stair-like current response towards urea of the as-proposed electrode
develops when successive amount of urea, whereas no obvious responses to the other
interfering species are obtained, suggesting good selectivity of the electrochemical urea
sensor in a diluted urea sample. The stability of NiO/c-ESM electrode was also
examined. The parameters of the CV tests could remain constant over 200 continuous
CV scans through a potential window of 1.3 to 1.7 V in 1.0 M KOH (scan rate: 50 mV
s-1). Fig. 4.8b indicates that the current assigned to urea oxidation is 76.4% of the initial
value after 200 CV scans, thus suggesting good stability due to the stable structure
between NiO nanoparticles and c-ESM.
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To evaluate the application of the NiO/c-ESM electrode, urea detection in real samples
were examined. 10 μL tap water sample was spiked with 1.0 M KOH to obtain the test
water sample, as shown in Table 4.2. The obtained recovery values for the
determination of urea are between 92.8 and 105.2% for the test water samples. The
relative standard deviation (RSD) value of <5% was obtained for three measurements
of different spiked samples. Given the experimental results, this means the as-prepared
NiO/c-ESM electrode has good selectivity toward urea determination.

Table 4.2 Determination of urea in alkaline buffer and tap water samples

Samples

KOH buffer

Tap water

Urea added

Total found

RSD% (n = 3)

Recoveries %

/mM

/mM (n = 3)

0.01

0.0098

1.83

98

1.0

1.021

1.92

102.1

2.0

1.994

2.06

99.7

0.01

0.0096

3.20

96

1.0

0.928

1.76

92.8

2.0

2.103

2.41

105.2

4.4 Conclusions
3D NiO/c-ESM nanocomposites were experimentally prepared by a simple two-step
method and employed as an electrocatalyst for urea detection. ESM as biowaste was
used as precursor in the synthesis. c-ESM with the large surface area provided a
possible place for anchoring of the NiO nanoparticles uniformly. NiO/c-ESM modified
electrode exhibits wider linear range (0.05 to 2.5 mM), and a low detection limit of ~20
μM (signal noise ratio is 3). Besides, the as-prepared electrochemical sensor presented
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good selectivity and satisfactory results in real sample application. In this study, 3D
NiO/c-ESM nanocomposite electrode exhibited good performance and robust
durability towards urea detection that is attributed to the synergistic effect of more
active sites from NiO nanoparticles and the carbonized porous eggshell membrane.
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CHAPTER 5 TRASH TO TREASURE: A NOVEL CHEMICAL ROUTE TO
SYNTHESIS OF NIO/C FOR HYDROGEN PRODUCTION5

5.1 Introduction
Hydrogen (H2) with high gravimetric energy density and environmental friendliness,
has made H2 as an ideal energy carrier alternative to the diminishing fossil fuels [131133]. Hydrogen evolution reaction (HER) from electrolysis of alkaline water is
generally regarded as a more promising approach due to alkaline water splitting is more
practical for industry than the traditional steam-reforming route (CH4 + H2O → H2 +
CO), which suffers from expensive cost and low purity [134, 135]. Generally, multiple
elemental reactions result in the accumulation of energy barriers and further decrease
in the electrochemical kinetics of the key half reaction of HER during alkaline water
splitting. In addition, HER process in alkaline, the so-called Volmer step, the water
dissociation, is identified as the rate-determining step (RDS). However, its sluggish
reaction kinetics and hinders the overall HER process. To date, Pt-based materials are
still the benchmark electrocatalysts for HER both in acidic and alkaline medium [136138]. However, their scarcity and high cost are major drawbacks in their large-scale
commercialization. Therefore, it is mandatory to develop a cost-effective, non-noble
HER electrocatalyst in alkaline environment with better performance [139, 140].

Chapter 5, in full, is a reprint of the research paper titled ‘Trash to treasure: A novel chemical route to
synthesis of NiO/C for hydrogen production’ as it published on the journal of International Journal of
Hydrogen Energy. Shun Lu, Matthew Hummel, Zhengrong Gu, Yan Gu, Zhisheng Cen, Lin Wei, Yue
Zhou, Caizhi Zhang, Chi Yang. 44.31 (2019): 16144-16153.. Shun Lu was the primary investigator and
first author of this article.
5
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In recent years, transition metal oxides (TMOs), especially nickel oxide (NiO), have
shown high electrocatalytic activity towards HER application [134, 140]. NiO, an
important p-type semi-conductive transition metal oxide, has attracted widespread
interest as an electrode material in various applications [141], such as supercapacitors
[142], Li-ion batteries [143] and fuel cell electrodes [144], due to its high theoretical
capacity (2584 F g-1) and cost-effectiveness [142]. Most of the transition metal oxides,
could be used as HER electrocatalysts [145]. However, the application of NiO as HER
catalyst has been hindered due to its large onset potential, which results from its internal
weakness, (I) electric conductivity and (II) accessible surface area. Many efforts have
been tried to solve these issues, for instance, Yu et al. [142]prepared a hierarchical
flower-like NiO/NCHS composite (NCHS means N-doped carbon hollow spheres) for
supercapacitors. This strategy not only provides a conductive matrix with fast
electron/ion transportation, but also increases the electrochemical active surface area
for the as-prepared supercapacitor. Chinnappan et al. [146]fabricated C@NiO/Ni
nanofibers via a simple electrospinning approach and examined their HER
performance. Yang et al. [147]prepared NiO/C nanofibers composites derived from
metal-organic framework compound as electrode materials for supercapacitors. We can
easily found that metal foam and carbon materials are often used as common conductive
matrixes, which could improve the conductivity as well as increase the structural
stability in the electrochemical fields [140, 142]. Synergistic effect also is an important
strategy to improve HER performance of composites. For example, Yu et al.
[148]reported that Ni/NiO nanohybrids anchored on CoSe2 nanobelts or carbon
nanotube (CNT) sidewalls have shown superior HER performances as a result of the
synergistic effect between metallic nickel and NiO. According to the above examples,
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it has been observed that NiO has excellent performance as an electrocatalyst and is
considered one of the most promising candidates in several experimental conditions.
The disposal of eggshell waste has also attracted much attention due to its
environmentally and economically challenging problems [149-152]. ‘Trash to
Treasure’ also becomes an interesting and important topic for those wastes, especially
for eggshell and eggshell membrane (ESM) [152-154]. Deng et al. [152]demonstrated
a novel application of waste eggshell as a multifunctional reaction system for the
preparation of Co9S8 nanorod arrays on carbon fibers and put forward a new strategy of
making use of eggshell to achieve in situ carbonization and sulfurization. Besides,
numerous NiO/ESM-based materials with novel structures have been investigated and
reported in the literature, such as NiO-Ni nanowires on a carbonized eggshell
membrane (Li-ion batteries) [155], porous C@CoFe2O4 nanocomposites derived from
eggshell membrane (microwave absorption) [118], and SnO2@ESM(energy storage)
[156]. It has been observed that eggshell membrane plays a vital important roles in
energy storage and conversion according to the above examples [157, 158].
Additionally, it is important that more active sites are easily found to absorb, activate
and convert reactants at the interfaces [159]. However, few HER investigations of
NiO/C composite derived from Ni(OH)2/ESM have been reported in the literature.
In the present work, the eggshell membrane was selected as the carbon source for the
construction of NiO/C nanocomposite to achieve integrated use of eggshell waste as a
micro-reactor and the use of eggshell membrane as a functional bio-template. This kind
of structure not only enhances the conductivity of composites, but also can provide
robust support for functional group. Herein, NiO/C nanocomposites were prepared via
a facile and green approach. Ni(OH)2/ESM was obtained through self-assembly of
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Ni(OH)2 grown on the ESM surface in an alkaline solution (urea + H2O → CO2 +
2NH3). Subsequently, the NiO/C nanocomposite was successfully constructed with
large surface area after carbonization under N2 atmosphere. To the best of our
knowledge, there is no article on the electrocatalyst for HER application of NiO/C
nanocomposites prepared using an eggshell membrane. The as-prepared NiO/C
nanocomposite as HER electrocatalyst exhibited better performance than pure NiO
particles and carbonization of ESM. The novel design outlined in this paper provides
new utility for eggshell waste while also creating in situ functional nanocomposites.

5.2 Experimental
5.2.1 Materials
Nickel (II) nitrate hexahydrate [Ni(NO3)2 6H2O] and urea (CH4N2O) were purchased
from ACROS organicsTM. Nafion (5%) was obtained from Alfa Aesar Co., Ltd.
Commercial activated carbon was gotten from Fisher Scientific Co., Ltd. Eggshell
waste both eggshell and eggshell membrane (ESM) was obtained from fresh hen eggs
purchased from Walmart by removing the liquid content of yolk and white via a hole
cut in the eggshell. The eggshell waste with its membrane was washed with deionized
water (DIW). DIW (>18.4 MΩ cm-1) was used for preparation of aqueous solution and
all chemicals used in this investigation were analytical grade and were used without
further purification.
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5.2.2 Preparation of the NiO/C nanocomposites
In a typical procedure, NiO/C nanocomposites were obtained using a two-step method
with minor revision [152, 160]. To the eggshell “container”, a 25 mL water solution of
0.4 M Ni(NO3)2 6H2O was added (inside), then the eggshell reactor was partially
immersed in a 40 mL solution with 0.4 M urea inside a beaker, and the two solutions
were separated by an eggshell with its membrane. The reactor was transferred into an
oven and maintained at 70 ℃ for 6 h. The as-coated eggshell membrane pieces were
peeled off from eggshell and washed with water thoroughly and dried in a vacuum
oven (60 ℃ for 4 h). The color changed from the white bare ESM to a light green when
coated with Ni(OH)2. Second, the as-coated ESM was then heated at a ramp rate of 15
℃/min to 300 ℃ and kept at the set temperature for 1 h under N2 protection, then the
heating continued at a ramp rate of 10 ℃/min to 500 ℃. Finally, the product (NiO/C)
was cooled to room temperature with N2 protection. Aside from, the compared samples,
NiO powders and carbonization of ESM, were prepared with the same procedure.

5.2.3 Fabrication of working electrode
Initially, a glassy carbon electrode (GCE) was polished to remove any form of
contaminants from the surface. The as-prepared catalyst (4 mg) was dispersed in
water/ethanol solution with a volume ratio of 1:1 (with the total volume of 2 mL). The
mixture was kept under continuous sonication at (frequency of sonicator) for (time of
sonication) to obtain a homogenous catalyst ink. 6 μL of this ink (2 mg/mL) was coated
onto the surface of a polished GCE with a diameter of 4 mm, then 6 μL Nafion solution
was dropped on the modified GCE in order to keep the catalyst ink stable and enhance
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its conductivity. It was dried under ambient environment condition to obtain a uniform
catalyst film with geometric surface area of 0.1256 cm2 and the mass loading of active
materials of about ~0.09 mg/cm2. The modified electrodes containing NiO/C
nanocomposites, NiO powders, carbonization of ESM were named as NiO/C@GCE,
NiO/GCE and C/GCE respectively.

5.2.4 Characterization
The crystalline information and morphology of those samples were characterized by Xray diffraction (XRD) with Cu Kα irradiation (λ = 1.54056 Å), Scanning electron
microscopy (SEM, FEI Siri200), Transmission electron microscopy (TEM, JEOL
2100F) under an acceleration voltage of 200 kV and element mapping on a Philips
Tecnai G2 microscope. All the electrochemical tests were performed on an
electrochemical workstation (BioLogic SP-150, France). The electrochemical
impedance (EIS) study was performed within the frequency range of 100 kHz to 0.1 Hz
with an AC amplitude of 10 mV.

5.2.5 Electrochemical measurements
All

the

electrochemical

measurements

were

performed

on

a

BioLogic

potentiostat/galvanostat/EIS analyzer (SP-150, France) in a typical three-electrode
system consisting of the working electrode (WE), counter electrode (CE) and reference
electrode (RE). Herein, the glassy carbon electrode (GCE, Φ = 4 mm) coated with the
as-prepared catalyst loading was used as the WE, the Pt wire and the saturated Ag/AgCl
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electrode as the CE and RE, respectively. The mass loading of active materials was
about 0.03 mg/cm2. The HER performance was investigated by cyclic voltammetry
(CV) and linear sweep voltammetry (LSV) which conducted from -0.8 to -1.8 V with a
scan rate of 5 mV/s in 1 M KOH. EIS measurements were performed inside the threeelectrode electrochemical cell. The Nyquist plot was carried out with over-potential of
135 mV and over a frequency range of 0.1 to 106 Hz. An equivalent Randles circuit
model was used to fit the data to calculate the charge transfer resistance Rct for each
catalyst system. All potentials were referenced to the reversible hydrogen electrode
(RHE) scale according to the Nernst equation. (ERHE=EAg/AgCl + 0.059*pH + 0.21 V,
25℃). The collected data were IR-corrected for an ohmic drop of ~10 Ω in 1 M KOH.
All the tests were carried out at room temperature (~25 ℃).

Eggshell with membrane

Hydrothermal method
70℃, 6h

Ni (II)

Carbonization
500℃, 2h

Urea

Ni(OH)2
NiO

ESM
Carbon

Figure 5.1 Schematic diagram for the formation of NiO/C nanocomposites

5.3 Results and discussion
5.3.1 Characterizations of the as-prepared samples
The successful synthesis of NiO/C nanocomposites by the procedure is outlined in Fig.
5.1. The NiO/C nanocomposites were fabricated via a green chemical route which
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combined the hydrothermal method and pyrolysis. The surface morphologies of
carbonization of ESM, NiO particles and NiO/C nanocomposites were observed by
SEM and TEM. The SEM images of the above samples can be seen in Fig. 5.2. As
shown in Fig. 5.2a-b, it exhibits a uniformly structure and high surface porosity with a
smooth surface after carbonization of ESM. The carbonized sample seemed to easily
provide more open space for anchoring nanoparticles [161]. Then NiO particles, were
used in a simple method that combined hydrothermal approach and pyrolysis, is
presented in Fig. 5.2c-d. It can be clearly seen that most of the particles were aggregated
and with different sizes (~4±1 μm). It can be said that the structural morphology of the
NiO particles is the result of two factors: the formation of Ni(OH)2 happened in liquid
environment without dispersed protection and the particles easily aggregated during
pyrolysis. The carbonization of ESM and NiO particles were also confirmed by using
an EDS technique. However, there was a morphological difference observed from the
single component, that NiO particles and carbonization of ESM, with the hybrid
nanocomposites. In Fig. 5.2e-f, the NiO nanoparticles are homogeneously distributed
on the curly surface of the carbonized nanosheet. There are two possibly reasons for
this phenomenon, (1) Ni(II) ions were absorbed on the surface of ESM, then Ni(OH)2
grew on the surface of the ESM uniformly after OH- was introduced into the eggshell
reactor. (2) Ni(OH)2/ESM was carbonized into NiO/C nanocomposites after a high
temperature procedures [155], therefore the carbonized ESM kept the positions of
Ni(II) stable in the process, as shown in Fig. 5.1. Finally, the successful synthesis of
NiO/C nanocomposites were also confirmed by corresponding Ni, O and C elemental
mapping (Fig. 5.2g).
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The morphological structure of NiO/C nanocomposites were further investigated by
TEM images. Fig. 5.3 shows the different magnification of NiO/C nanocomposites. It
reveals that there are a large number of nanoparticles anchored on the surface of
carbonized ESM without any appearance of particle agglomeration. From the histogram
shown insert Fig. 5.3b, it can be calculated that the average size of NiO in NiO/C
nanocomposites is approximately 5±1 nm. The NiO particles in the eggshell reactor
formed at smaller diameters (4 ± 1nm) compared to the control (5 ± 1 nm). This
difference is possibly due to the protection of the eggshell membrane, avoiding direct
contact between Ni(II) ions and OH- in solution [162]. The carbonized ESM provided
more conductive media for NiO nanoparticles [157], simultaneously, the density of NiO
nanoparticles increased due to shrink of ESM during carbonization [150]. This change
may also bring the enhancement of catalytic performance toward the hydrogen
evolution. Therefore, carbonization of ESM plays an important role in passivating the
nanoparticles from further growth and provides a narrow particle size distribution of
the NiO nanoparticles.
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Figure 5.2 SEM images of: (a-b) carbonization of ESM, (c-d) NiO powders, (e-f) NiO/C nanocomposites. (g)
EDS elemental mapping images of the NiO/C nanocomposites
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Figure 5.3 TEM images for NiO/C nanocomposites with different magnifications, (a) 200 nm and (b) 100 nm

To further investigate the phase purity and crystalline structure, the as-prepared samples
were examined by X-ray diffraction (XRD). As shown in Fig. 5.4, it displays the XRD
patterns of the comparison sample (activated carbon) and the as-obtained NiO/C
nanocomposites which was synthesized by the two-step approach. There are five welldefined diffraction peaks at 37.2, 43.2, 62.8, 75.4 and 79.4 degree (2theta), which are
well indexed to (111), (200), (220), (311), and (222) crystal planes indicated that the
formation of NiO nanoparticles from the intermediated Ni(OH)2. The nature and
positions of the above XRD result are in good agreement with standard XRD data
(JCPDS No. 47-1049) and other previously reported research [146], and NiO
nanoparticles shows the cubic (fcc) phase. In addition, the diffraction angle (2theta)
around 24 degree is amorphous carbon (JCPDS No. 41-1487). It also proved that this
as-prepared activated carbon is made of amorphous carbon. No peaks from other
impurities such as Ni(OH)2 were observed. Furthermore, the as-obtained
nanocomposites confirmed the existence of NiO nanoparticles and amorphous carbon
without any detectable impurities. The co-existence of NiO nanoparticles and
amorphous carbon peaks in XRD pattern confirms that the NiO/C nanocomposites are
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synthesized well. The XRD and SEM characterization results are in line with TEM
observation and EDS results (Figs. 5.2 and 5.4).
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Figure 5.4 The XRD patterns of carbonization of ESM (black line), NiO/C (red line) and NiO’s JCPDS card (blue
line)

5.3.2 Formation mechanism
From the observed SEM, EDS, TEM and XRD results, the possible pathway for the
formation of the NiO/C nanocomposites was proposed. The whole process mainly
undergoes the following three steps as presented in Fig. 5.5. At first, urea acts as the
hydrolysis agent which decomposes to form OH− ions in aqueous condition as Ni(NO3)2
6H2O solution was added into the empty eggshell. Ni2+ ions were gradually absorbed
on the surface of ESM through the pores of ESM (blue layer). Then, the ESM served
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as bio-template to provide a reactor for the Ni2+ ion and OH− ion to form Ni(OH)2. The
relative reactions are presented as follows [160, 163]:
CO(NH2)2 + H2O → CO2↑ + 2NH3↑

(1)

NH3 + H2O → NH4+ + OH−

(2)

Ni2+ + 2OH− → Ni(OH)2↓

(3)

After this process, the resultant Ni(OH)2/ESM hybrid had a morphology very similar to
the ESM template. Finally, Ni(OH)2/ESM hybrids were transformed into NiO/C
nanocomposites after carbonization. The Ni(OH)2 formed-nanoparticles, rather than
aggregated powders or particles because the ESM provides specific pore sites for Ni2+
ions, and prevents aggregation of Ni(OH)2 during drying and carbonization. Therefore,
NiO/C nanocomposites were successfully constructed via a hydrothermal and pyrolysis
approach using ESM as the carbon source.
OH-

Ni2+

I

Ni(OH)2

II

Eggshell

NiO

III

ESM

Carbonized of ESM

NiO/C nanocomposite

Figure 5.5 Schematic illustration of proposed formation mechanism of NiO/C nanocomposites
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5.3.3 HER performance of the NiO/C nanocomposite
The HER performance of NiO/C nanocomposites was tested by linear sweep
voltammetry technique (LSV) by sweeping the potential from 0.05 V to negative
potentials in 1.0 M KOH solution with a scan rate of 5 mV/s. Fig. 5.6a exhibits that the
polarization curve for NiO/C nanocomposite modified electrode (red line), named
NiO/C@GCE. For comparison, we also investigated bare GCE, carbonization of ESM
modified electrode and NiO particle modified electrode, called GCE (black line),
C@GCE (pink line) and NiO/GCE (blue line), respectively, as presented in Fig. 5.6a.
The overpotential of NiO@GCE reaching at -10 mA/cm2 and -30 mA/cm2 were 670
mV and 753 mV respectively. Additionally, the open circuit potential (Eoc) of
NiO@GCE is obviously lower than ideal NiO vs. 0.132 VRHE[164]. This may due to
the structure of NiO (Figs. 5.2c-d) and aggregation of NiO particles reducing the
number of active sites, decreasing electron transfer rate during the HER process,
compared with NiO nanoparticles in Figs. 5.2e-f. In another comparison of
carbonization of ESM, C@GCE, it had better performance with values of 617 mV and
688 mV at -10 mA/cm2 and -30 mA/cm2 respectively, than NiO@GCE did. The
overpotential of the reported current density of -10 mA/cm2 and -30 mA/cm2 of
NiO/C@GCE is 565 mV and 644 mV, respectively. This HER activity is better than
pure NiO and carbonization of ESM, indicating that NiO/C@GCE can reach higher
current density than NiO@GCE and C@GCE under the same testing conditions. It is
also easier to find the hydrogen bubble released during NiO/C@GCE’LSV test (inset
of Fig. 5.6a). Here, carbonization of ESM provided a support for NiO nanoparticles to
reduce aggregation [165, 166], as can be seen from the TEM images. This is due to the
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coupling effect of carbon with NiO nanoparticles, which greatly improves the
conductivity of nanocomposites and electron transfer rate [146, 167].
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Figure 5.6 (a) Comparison of the polarization curves of GCE, NiO@GCE, C@GCE and NiO/C@GCE, scan
rate: 5 mV/s, inset: image of HER process; (b) Tafel plots of GCE, NiO@GCE, C@GCE and NiO/C@GCE
in an N2-saturated 1M KOH solution.

The HER kinetics of the catalysts were further studied by corresponding Tafel slopes.
The Tafel slope is derived from the polarization curves by fitting data to the Tafel
equation:
η = a + b*log[-current density]
Where, b is the Tafel slope, as presented in Fig. 5.6b.

The NiO/C@GCE shows a smaller Tafel slope (77.8 mV dec-1) compared to
NiO@GCE’s Tafel slope (112.6 mV dec-1) and C@GCE’s Tafel slope (94.4 mV dec-1)
respectively. This result also supports the enhanced HER activity of NiO/C@GCE via

1.4
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coupling effect between the HER performances of NiO@GCE and C@GCE. Normally,
HER process often includes three typical reactions (I) Volmer reaction, (II) Heyrovsky
reaction and (III) Tafel reaction with corresponding different Tafel slopes of 120, 40
and 30 mV dec-1, respectively, as shown in Equation4-6. However, there are two
possible pathways in alkaline solution: they have the same start procedure producing H
adsorbed (Hads), in which the H2O molecule was adsorbed on the surface of electrode
via molecule interaction and electrochemical reduction (Equation 4). Then for the (1)
pathway, the next step is H2O molecule is reacted with Hads in order to obtain H2
(Equation 5). But for the (2) pathway, the continued step is that different Hads reacted
each other generating H2 directly (Equation 6). Consequently, the experimentally
measured Tafel slope of 77.8 mV dec-1 for NiO/C@GCE indicates that the HER
occurred by Volmer-Heyrovsky mechanism [148, 168]. The comparison list of Tafel
slope of the various electrocatalysts is reported in Table 5.1. NiO/C nanocomposites
showed higher Tafel slope value as compared with the other metal oxide-based catalyst
reported in the literature.

H2O + e- → Hads + OH-

Volmer

(4)

H2O + Hads → H2 + OH-

Heyrovsky

(5)

Hads + Hads →H2

Tafel

(6)
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Table 5.1 Comparison of Tafel slope value of various electrocatalysts.

Catalyst

Tafel Slope (mV dec-1)

Medium

Reference

C@NiO/Ni nanofibers

152

Alkaline

[146]

Ni/NiO

244

Alkaline

[139]

CoNi2S4

85

Alkaline

[169]

fiber 41

Acidic

[170]

Ni/NiO/C

44

Acidic

[171]

NiO/C nanocomposites

77.8

Alkaline

In this work

NiCo2O4/CuS
paper

carbon

To probe the reasons for the enhanced electrocatalytic performance of the NiO/C
nanocomposites, the electrochemical impedance spectroscopy (EIS), the CV and LSV
techniques were employed. The EIS test was employed to evaluate the transport kinetics
for electrochemical reaction process. Fig. 5.7a shows that the Nyquist plots of NiO/C
and activated carbon (Commercial product, as comparison). It is observed that the
Nyquist plot of NiO/C is almost linear, while that of the carbonization of ESM and
activated carbon displayed a similar trend which consists of a quasi-semicircular arch
at high frequencies and an oblique line at low frequencies. It is well established that a
larger semicircle means a larger charge transfer resistance (Rct) and a steeper slope
represents a lower resistance of electrolyte ions (Warburg impendence, Zw). According
to the Nyquist plot fitted by the equivalent circuit (inset of Fig. 5.7a), the Rct of NiO/C
nanocomposites, carbonized of ESM, activated carbon and NiO particles are 0.68, 1.04,
0.97 and 1.06 Ω, respectively. Thus, it is obvious that the NiO/C composite has a
smaller Rct than the carbonization of ESM and NiO particles. This indicates that the asprepared nanocomposites has a faster electron transfer process due to the coupling
effect between carbonization of ESM and NiO nanoparticles. In additional, the double-
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layer capacitances (Cdl) which is linearly proportional to the effective electrochemical
active surface area, were also calculated. We found that the Cdl of NiO/C was
significantly higher 1.5 times that of NiO’s, though the Cdl of NiO is only 0.48 mF cm2

(Fig. 5.7b). We believe that this larger effective active surface area is due to more

uniform distribution of NiO nanoparticles on the surface of carbonized ESM, as can be
found from the TEM images. Besides, we found the carbonized of ESM and activated
carbon has similar electrochemical properties in terms of Rct and Cdl, it also confirmed
the performance of that carbonized of that ESM can replace commercial activated
carbon. Overall, the smaller Rct and the larger Cdl suggest achievement of
synergistically electronic and structural modulations for HER performance between the
carbonization of ESM and the NiO nanoparticles.
The influence of scan rate was also tested by conducting LSV curves with a
NiO/C@GCE. According to the LSV curves (Fig. 5.7c), the current density increases
at the same potential with increasing scan rate. Because the larger scan rate induces
larger reaction current and electric double layer charging current [172]. As a result,
more hydrogen was generated and diffused from the surface of the working electrode.
All these factors should contribute to the enhanced catalytic performance of the NiO/C
nanocomposites. Finally, the stability of the NiO/C nanocomposite was also evaluated
by conducting a CV test between 0.25 V and 0.55 V in 1 M KOH solution. As can be
seen from Fig. 5.7d, after 500 cycles, change of the current density at certain
overpotential is small. Although metal oxides are not known for good performance on
HER, the as-prepared NiO/C nanocomposites showed a good durability [134, 140].
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Figure 5.7 (a) EIS plots of C@GCE, AC-comm@GCE, NiO@GCE and NiO/C@GCE at 0.10 V vs. RHE,
Inset: equivalent circuit; (b) Current density differences plotted as a function of the potential scan rate (the
slope for Cdl) pink plots for GCE, black for NiO/GCE, blue for C@GCE and red for NiO/C@GCE; (c)
Polarization curves of NiO/C nanocomposites at different scan rates. (d) Durability testing of NiO/C@GCE
by cycling the electrode between 0.25 and 0.55 V in an N 2-saturated 1M KOH solution.

5.4 Conclusions
In summary, NiO/C nanocomposite derived from Ni(OH)2/ESM composite was
successfully prepared by a facile and green approach that combined simple
hydrothermal and pyrolysis methods. Here, the waste eggshell was regard as an useful
resource for the as-synthesized sample. It not only provides ESM for the adsorbed
Ni(II) ions, but only works as a reactor for this preparation. Consequently, it has been
observed that NiO nanoparticles distributed on the surface of ESM uniformly. The asprepared NiO/C nanocomposite showed stable electrocatalytic and high activity
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towards HER in alkaline solution. It also needs a lower overpotential of 565 mV to
drive -10 mA cm-2 with Tafel slope of 77.8 mV dec-1 than the compared samples.
Moreover, the preparation approach addressed a facile, economic and green strategies
for the preparation of other metal oxides with a carbon support and provided an
important example for a strategy to enhance their electrical conductivity and improve
their HER performance in alkaline solution.
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CHAPTER 6 CONCLUDING REMARKS
6.1 Conclusions
In this dissertation, we conducted a series of investigations based on the eggshell
membrane-derived carbon and employed the novel porous material as a multifunctional
electrocatalyst for urea oxidation, urea detection, and hydrogen production. In addition,
the theoretical investigation was also performed to explore the mechanism of urea
oxidation on the eggshell membrane-derived carbon. Based on the research works
which have been done, the following conclusions can be made:
•

The nickel oxide nanoparticles supported on the carbonized eggshell membrane
with interwoven networks as a low-cost electrocatalyst (C@NiO) toward urea
oxidation.

The

resulting C@NiO electrode

exhibited

much

better

electrocatalytic urea oxidation performance than that of commercial 20% Pt/C
under the same test conditions. It can achieve a current density of 10 mA cm–
2

at 1.36 V (vs RHE) and 25 mA cm–2 at 1.46 V (vs RHE) and a low Tafel slope

of 87.2 mV dec–1. Such an excellent urea oxidation performance can be
attributed to the synergetic effect of the porous carbon and NiO nanoparticles
that

provide

excellent

the C@NiO nanocomposites.

electrocatalytic

activity

Moreover,

benefitting

and
from

stability

in

theoretical

calculations, Ni(III) species and porous carbon further enabled the
electrocatalyst to effectively inhibit the CO2 poisoning of the electrocatalyst,
guaranteeing its superior UOR performance. This study may promote a lowcost UOR electrocatalyst design with a porous structure and uniform
composition and develop biomass-derived applications in urea conversion
based on the concept of trash to treasure.
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•

In this work, the single-atom model where NiO nanoparticles were bonded with
graphene

as

the NiO@Graphene composite

was

constructed

for

the

electrochemical urea oxidation in terms of a theoretical view. DFT calculations
showed that NiO nanoparticles dispersed on graphene provide strong adsorption
of

the

hydroxyl

group;

after NiO@Graphene reacted

then, NiOOH@Graphene was

with

the

hydroxyl

group.

formed
Compared

to NiO@Graphene, NiOOH@Graphene presents a higher desorption energy of
CO2 molecules in the key rate-determining step. Notably, the Ni(III) species
in NiOOH@Graphene is the most favorable site for the urea oxidation reaction.
Moreover, NiOOH@Graphene not only guarantees the stability of NiOOH and
graphene but also promotes the electron transfer between NiOOH and graphene.
Benefiting from the coupling effect between the Ni(III) species and
graphene, NiO@Graphene can theoretically reach excellent electrocatalytic
urea

oxidation.

These

studies

provide

theoretical

guidance

that NiO@Graphene played the intermediate role in the urea oxidation process
before

Ni(III)

species

formed

in

the

alkaline

electrolyte. NiOOH@Graphene also facilitates the desorption of CO2 from the
catalyst surface for UOR catalysis. More experimental investigations based on
the NiO nanoparticles and graphene will be performed in the future.
•

As for urea detection part, NiO/c-ESM nanocomposites were experimentally
prepared by a simple two-step method and employed as an electrocatalyst for
urea detection. ESM as biowaste was used as precursor in this synthesis and
making full use it. c-ESM with the large surface area provides a place for
anchoring of the NiO nanoparticles uniformly. NiO/c-ESM modified electrode
exhibits a wider linear range (0.05 to 2.5 mM), and a low detection limit of
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~20 μM (signal noise ratio is 3). Besides, the as-prepared electrochemical sensor
presents good selectivity and satisfactory results in real sample application. In
this study, 3D NiO/c-ESM nanocomposite electrode exhibits good performance
and robust durability towards urea detection is attributed to the synergistic effect
of more active sites from NiO nanoparticles and the carbonized porous eggshell
membrane.
•

Lastly, NiO/C nanocomposite derived from Ni(OH)2/ESM composite was
successfully prepared by a facile and green approach that combined simple
hydrothermal and pyrolysis methods. Here, the waste eggshell was regarded as
an useful resource for the as-synthesized sample. It not only provides ESM for
the adsorbed Ni(II) ions, but works only as a reactor for this preparation.
Consequently, it has been observed that NiO nanoparticles distributed on the
surface of ESM uniformly. The as-prepared NiO/C nanocomposite showed
stable electrocatalytic and high activity towards HER in alkaline solution. It also
needs lower overpotential of 565 mV to drive −10 mA cm−2 with a Tafel slope
of 77.8 mV dec−1 than the compared samples. Moreover, the preparation
approach addressed a facile, economic and green strategies for the preparation
of other metal oxides with carbon support and provided an important example
for the strategy to enhance their electrical conductivity and improve their HER
performance in alkaline solution.

In summary, the research and development of bio-inspired materials will become a wise
choice for getting excellent quality and reasonable price in the application of
electrochemical devices.
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6.2 Significance
•

Based on the concept of ‘trash to treasure’, the common wastes can be
converted into energy efficiently to achieve the goal of ‘one stone two birds’

•

The mechanism of urea oxidation was both understood by using experimental
and theoretical investigations.

•

The biomass-derived carbon can be used for more electrochemical
applications. It is not limited to the use all described in this dissertation.

6.3 Recommendations for Future work
In the future, the research work should be developed deeply. More detailed parameters
and mechanism of the urea oxidation should be figured out through more experiments
and characterizations. Specifically, more stable and cheaper devices are going to be
constructed and applied to wider fields. For example, urea oxidation reaction was
extensively studied, the related work ‘urea-assisted hydrogen production’ is also
important as well as single hydrogen evolution reaction. The porous biomass-derived
carbon has more merits. It is worth exploring in the future.
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APPENDIX A
SYNTHESIS OF AU@ZIF-8 NANOCOMPOSITES FOR
ENHANCED ELECTROCHEMICAL DETECTION OF DOPAMINE6

A1 Introduction
Dopamine (DA) is a well-known neurotransmitter, playing important roles in the brain
and body [173, 174]. However, a deficiency of DA in the human body could lead to
neurological disorders, but a high level of DA could cause an increased risk of
depression [175]. So, the significance of DA in the clinical diagnostic perspectives has
drawn great awareness for the development of sensitive and reliable techniques for their
determination [176-178]. A series of detective methods have been reported for DA
determination, such as spectrophotometry, flow injection, and electrophoresis [112, 173,
179-181]. Among them, electrochemical methods have the advantages of simple
instrumentation, high sensitivity and selectivity, and rapid response [173, 182-185].
Zeolitic imidazolate framework-8 (ZIF-8), which is a kind of ZIFs built from Zn2+ ions
and 2-methylimidazolate, is an attractive subclass of metal-organic frameworks (MOFs)
due to the ease preparation, the great thermal, hydrothermal and chemical stabilities
[186-189]. There have been increasing concerns about the application of MOFs in the
electrochemical field [190-192]. However, most of the MOFs are insulators and the
direct application of single MOFs in electrochemistry is limited by their poor
conductivity and weak electrocatalytic abilities [188, 192-194]. To address this problem,

Appendix A, in full, is a reprint of the research paper titled ‘Synthesis of Au@ZIF-8 nanocomposites
for enhanced electrochemical detection of dopamine’ as it published on the journal of Electrochemistry
Communications. Shun Lu, Matthew Hummel, Ke Chen, Yue Zhou, Shuai Kang, Zhengrong Gu. 114
(2020): 106715. Shun Lu was the primary investigator and first author of this article. It is noted that this
article received the honor of highly cited paper from Web of Science.
6
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it was proposed to introduce the highly electrically conductive and electroactive
materials into MOFs, further improving the sensitivity of the modified electrode. Metal
nanoparticles decorated MOF compounds exhibit significantly enhanced performance
including high electrical conductivity and outstanding electrocatalytic activity [195197]. These features have led to the increasing use of MOFs/metal nanoparticle (NP)
composites in the fabrication of electrochemical biosensors [198-200]. Among the
more commonly used metal NPs, gold (Au) is the most widely studied. Au NPs have
been broadly reported for their high catalytic activity which could facilitate the electron
transfer rate [201].
Herein, Au@ZIF-8 nanocomposites were successfully fabricated and modified on
glassy carbon electrode (GCE) for electrochemical determination of dopamine. The asprepared nanocomposites show high sensitivity, low LOD (limit of detection), good
selectivity, reproducibility and stability for the determination of DA due to the
synergistic effect of Au NPs and ZIF-8 with larger surface area. It is expected to be
applied in practical DA detection.

A2 Experimental
A2.1 Materials
Gold (III) chloride hydrate (HAuCl4, AR), sodium borohydride (NaBH4, AR),
polyvinyl pyrrolidone (PVP, M = 20000), zinc nitrate hexahydrate (Zn(NO3)2 6H2O,
98%), 2-methyimidazole (abbreviated to 2-MeIm) were purchased from Fisher
ScientificTM and Sigma-AldrichTM in USA. Methanol and ethanol were both used with
AR grade. The phosphate buffer solution (PBS, 0.1 M was prepared by mixing
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Na2HPO4 and NaH2PO4 stock solution and adjusted pH value with 0. 1 M H3PO4 or
NaOH, which was used as the supporting electrolyte during the whole process.
Ultrapure water (18.5 MΩ, made in Lab) was used throughout the whole experiment.

A2.2 Synthesis of Au@ZIF-8 nanocomposites
Au@ZIF-8 NPs were synthesized using the solvothermal method with minor revision
[186, 194]. Briefly, the gold nanoparticle (Au NP) solution was prepared by the
reduction of HAuCl4 (39.1 mg) with NaBH4 (38 mg) with the protection of PVP (111
mg). Then, the PVP-stabilized Au NPs were collected by centrifugation and washed
three times with ethanol solution after vigorous stirring (30 min). Furthermore, the
synthesized Au NP solution (2 mL, 1 mg mL-1) mixed with 2-MeIm (15 mL, 50 mM)
in methanol. Afterward, Zn(NO3)2 6H2O (15 mL, 50 mM) in methanol was added
quickly. The mixed solution was sonicated for 30 min. Subsequently, the violet
precipitate was collected by centrifugation and washed three times with ethanol, then
dried under vacuum at 60 ℃ for 4 h to yield a dark red powder (named Au@ZIF-8
nanocomposites, seen in Fig. A.1). Additionally, ZIF-8 NPs were prepared with the
same procedures as a comparison.

A2.3 Fabrication of Au@ZIF-8 nanocomposites modified GCE
For fabrication of electrode, Au@ZIF-8 nanocomposites (1.5 mg) were ultrasonically
dispersed in ethanol (1.5 mL) for ~30 min, as shown in Scheme 1. Before modification,
the glassy carbon electrode (GCE, 4 mm in diameter) was polished sequentially with
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5.0 μm, 0.5 μm Al2O3 powder and then washed ultrasonically in distilled water before
each experiment. Then, a drop of the suspension (4.0 μL, 1.0 mg mL-1) was covered on
the surface of GCE, then cast with Nafion (wt. 5.0%, 4.0 μL) and dried in an inverted
beaker at room temperature. The loading catalyst on the GCE is 0.08 mg cm-2.

A2.4 Physical characterization
The morphology and crystalline information were characterized by Scanning electron
microscopy (SEM, FEI Siri200), energy dispersive x-ray spectroscopy (EDX), X-ray
diffraction (XRD, Rigaku-SmartLab) and transmission electron microscopy (TEM,
JEM-2100, Japan) equipped with STEM-EDX. Nitrogen adsorption-desorption
isotherms were measured with a Micrometrics instrument (ASAP 2020, USA) at 77 K.

A2.5 Electrochemical measurements
The electrochemical measurements were performed by cyclic voltammetry (CV),
electrochemical impedance spectroscopy (EIS), differential pulse voltammetry (DPV)
and amperometric i-t using a potentiostat (CHI 760e, USA) with equipped software.
The electrochemical tests were conducted at room temperature using the three-electrode
setting in 0.1 M PBS as an electrolyte. Here, Ag/AgCl (saturated KCl solution) and
platinum wire were used as a reference electrode and a counter electrode, Au@ZIF-8
and ZIF-8 were modified on glassy carbon electrodes (GCE) using as working
electrode, respectively.
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Figure A.1 Illustration of synthesis of Au@ZIF-8 nanocomposite and its electrochemical response toward
dopamine.

A3 Result and discussion
The morphologies and structures of the as-prepared nanomaterials were presented in
Fig. A.2. Fig. A.2a clearly displays that these nanoparticles are found to be
monodisperse, polyhedral in shape with an average size of 270 ± 10 nm. And all the
peaks observed in the XRD keep consistency with the simulated result of ZIF-8 (Fig.
A.2b) [194]. Fig.1C shows a typical TEM image of Au@ZIF-8 nanocomposites, and
the presence of well-distributed Au on ZIF-8 NPs was confirmed by STEM-EDX
mapping (Fig. A.2e) which shows uniform distribution of Au on ZIF-8 NPs. The ZIF8 provided more surface area for Au NPs (black dots in Fig. A.2c) and Au NPs in the
edge were dispersed on the surface of the as-prepared nanocomposites. The synergistic
effect of between the selectivity of Au NPs and the large surface of ZIF-8 NPs could
enhance the analytical performance of this electrochemical sensor. Combined with the
above characterizations, it implies that the Au@ZIF-8 nanocomposites were
successfully synthesized.
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Figure A.2 (A) SEM image of ZIF-8 NPs, and (B) XRD pattern of ZIF-8 NPs, simulated result from
Mercury v3.10.3; (C) TEM image of Au@ZIF-8 nanocomposites, (D) enlarged area from (C), (E) STEMEDX mapping (Yellow for Au, Green for Zn, Cyan for N, Red for C element) of Au@ZIF-8 nanocomposites,
(F) EDX spectrum with detailed table (G).

Nitrogen adsorption-desorption isotherms of Au@ZIF-8 nanocomposites and pore size
distribution are shown in Fig. A.3. The N2 adsorption of Au@ZIF-8 nanocomposites
exhibited type I profile, which indicated that Au@ZIF-8 nanocomposites were
dominated by microporous structure, as presented in Fig. A.3a. The surface area of
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Au@ZIF-8 nanocomposites is 1594 m2 g-1, and a microporous volume of 0.65 cm3 g-1,
which is a little higher than the pure ZIF-8 nanoparticles’ surface area [194, 202]. This
is due to the introduction of Au NPs on the surface of ZIF-8, further increase the surface
area of the as-obtained materials [202]. The increase in the volume adsorbed at very
low relative pressures is owing to the existence of microspores. The pore size
distribution calculated using the DFT method showed that Au@ZIF-8 nanocomposites
were composed of the uniform pore with a narrow distribution (Fig. A.3b). The aboveanalyzed results implied that increased specific surface area and unique porous
nanostructure of Au@ZIF-8 nanocomposites may provide more active sites or structure
for the adsorption of DA on the larger surface, which will contribute to improving the
electrocatalytic performance of the modified electrode [173, 197].
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Figure A.3 Nitrogen adsorption and desorption isotherm (A) and the corresponding pore size distribution
curve (B) of Au@ZIF-8 nanocomposites.

Electrochemical detection of DA using the Au@ZIF-8/GCE was evaluated by
electrochemical measurements. Cyclic voltammogram (CV) was employed to study the
electrochemical redox of DA at the different modified electrodes. The electrochemical
behavior of two modified electrodes (Au@ZIF-8/GCE and ZIF-8/GCE) in 0.1 M PBS
(pH = 7.0) solution in the absence and presence of 0.5 mM DA was examined using
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CV from the potential range from -0.2 to 0.6 V (vs. Ag/AgCl), as shown in Fig. A.4a.
The Au@ZIF-8/GCE exhibits a larger peak current compared to the oxidation current
obtained at the ZIF-8/GCE. It indicated that Au@ZIF-8/GCE has a larger relatively
electrochemical surface area.

Figure A.4 (A) CVs on the Au@ZIF-8/GCE and ZIF-8 in 0.1 M PBS (pH 7.0) with 0.5 mM DA, scan rate: 50
mV s-1, (B) CVs at Au@ZIF-8/GCE and ZIF-8/GCE in 1.0 mM [Fe(CN)6]3−/4− solution containing 0.1 M
KCl, scan rate: 50 mV s-1. (C) The effect of pH on the current response of 0.5 μM DA at Au@ZIF-8/GCE.

The stepwise fabrication of the electrochemical sensor was also characterized by using
CV (Fig. A.4b). The ZIF-8/GCE showed a pair of reduction and oxidation peaks in 1.0
mM [Fe(CN)6]3-/4- containing 0.1 M KCl (black line in Fig. 3B) with ca. area of 1.741
× 10-5 (calculated from the given closed curve). After the introduction of Au NPs, a
larger pair of redox peaks were appeared (red line in Fig. A.4b) with ca. area of 2.104
× 10-5, further confirmed its better charge transferability due to the presence of Au NPs.
The effect of pH value of the detecting electrolyte on the electrooxidation of DA was
investigated. As shown in Fig. A.4c, the oxidation peak current of DA increased with
increasing pH value from 6.2 to 7.4, and decreased from 7.4 to 8.0, therefore, pH 7.6 in
0.1 M PBS was selected as the optimal experimental condition.
Fig. A.5 depicts the linear dependence of the reduction/oxidation peak currents on the
square root of the scan rate, which confirming that the oxidation of DA is a typical
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diffusion-controlled process. Tafel slopes (Fig. A.6) of Au@ZIF-8/GCE and ZIF8/GCE were obtained from linear sweep voltammetry (LSV, Fig. A.7), suggesting
Au@ZIF-8/GCE performed better electrochemical kinetics than that of ZIF-8/GCE
[184, 203].

Figure A.5 (a) CVs of Au@ZIF-8 in 0.1 M PBS containing 0.5 μM DA at different scan rates from 20 to 200
mV s-1, and (b) the linear dependence of the reduction peak current and oxidation peak current on the
square root of the scan rate.
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with 0.5 mM DA.
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The electrochemical double-layer capacitances (Cdl) of Au@ZIF-8 is 3 times higher
than that of ZIF-8, further confirming its larger active surface areas in the Fig. A.8a
[54]. EIS is an effective tool for probing the interfacial behavior of modified electrodes.
Fig. A.8b shows that the Nyquist plots of Au@ZIF-8/GCE and ZIF-8/GCE, it is
observed that the Nyquist plot of Au@ZIF-8/GCE is almost linear, while that of ZIF8/GCE with the similar trend which consists of a quasi-semicircular arch at high
frequencies and an oblique line at low frequencies. It implies that Au@ZIF-8/GCE acts
as a better conducting material and accelerates the electron transfer process at the
electrode surface [194]. Consequently, it concluded that the presence of Au NPs, and
larger electrochemical surface area and low electrochemical resistance, which
synergistic facilitate the oxidation of DA.
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Figure A.8 (a) Plots of the averaged current density at -0.1 V against scan rates. (b) Nyquist plots of ZIF8/GCE and Au@ZIF-8/GCE in the presence of 0.1 M PBS solution (pH 7.4).
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Figure A.9 (A) DPV of DA with increasing concentration (from black to red: 0.1 to 50 μM), (B) The
relationship of the oxidation peak current (Ipa) with the concentration of DA.

The performance of the as-prepared electrochemical sensor was investigated by the
DPV measurements using the Au@ZIF-8/GCE in 0.1 M PBS (pH 7.4) upon the
successive addition of different concentrations of DA solutions, as shown in Fig. A.9a.
The electrolyte was stirred for ~10 sec to confirm that the added DA was fully mixed
in the electrolyte. The peak at around 0.25 V appeared with the addition of DA. And
the peak current gradually increased and was proportional to the DA concentrations
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with a wide linear range from 0.1 to 50 μM with the correlation coefficient of 0.998
(Fig. A.9b). The sensitivity of Au@ZIF-8/GCE is calculated to be 6.452 μA mM-1 cm2

in the detected concentration range. The proposed Au@ZIF-8/GCE has a larger

concentration range than ZIF-8/GCE (Table A.1). Furthermore, the estimated value of
LOD (limit of detection) is approximately 0.01 μM (S/N = 3). This may be due to the
high conductivity which is essential to the enhancement of electrocatalytic to the
detection of DA [204]. It can be found that Au@ZIF-8/GCE exhibited a broader
detection range and lower LOD, which had better sensitivity for the DA detection.

Table A.1 Comparison of analytical parameters for detection of dopamine over various modified electrodes

Electrode

Range/μM

LOD/μM

Sensitivity/

Method

Ref.

μA μM-1 cm-2
MoS2 NSB/CNFsa

1-60

0.04

6.24

DPV

[205]

P-Arg/rGO/Au NPb

1-50

0.001

2.48

DPV

[206]

IL-RGO/ZIF-8c

0.1-100

0.035

N/A

DPV

[207]

NPG-μEd

0.1-10

0.03

N/A

SWVe

[208]

Fe2Ni MIL-

1.2-1800

0.40

124.7

i-t

[209]

4.9–74

0.11

0.16

DPV

[210]

0.5-20

0.195

N/A

DPV

[194]

88B/GCE
RGO-CdSe
QD/GCE
ZIF-8/GCE
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Figure A.10 (A) The signal enhancement of current in the presence of diverse kinds of interfering substance,
respectively. (B) The peak currents collected after 1000-cycle CVs run in 0.1 M PBS (pH 7.4) solution
containing 5.0 mM DA.

The selectivity of Au@ZIF-8/GCE is studied by detecting DA in the presence of several
inorganic salts, glucose (Glu), uric acid (UA), and ascorbic acid (AA). As shown in Fig.
A.10a, the addition of inorganic salts, Glu, AA, and UA represented negligible current
response compared with DA, suggesting Au@ZIF-8/GCE has an excellent selectivity
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to DA. The stability and repeatability of the proposed sensor was also studied. The
stability of Au@ZIF-8/GCE was verified after successive 1000-cycle CVs.

The

oxidation peak current of DA decreased by 18% after 1000 CV cycle, as shown in Fig.
A.10b, indicating that good stability and reproducibility can be obtained for
electrochemical detection by Au@ZIF-8/GCE. Three paralleled modified-electrodes
were prepared with the same condition for evaluating the reproducibility of Au@ZIF8/GCE by detecting current signal in 0.1 M PBS (pH 7.4) solution with successive
addition of 10 μM DA and 0.5 μM urine. The relative standard deviation (RSD) of the
electrodes are distributed from 0.9% to 3.3%, as displayed in Table A.2, indicating that
Au@ZIF-8 modified electrode is indeed reliable in practical applications.

Table A.2 Determination of DA in the actual samples using Au@ZIF-8/GCE (pH 7.4, n=3)

Sample

Added/μM

Found/μM

Recovery

RSD%

DA injections

0

0

0

-

10

10.06

100.6%

1.2

20

19.87

99.35%

2.6

30

30.72

102.4%

1.8

0

0

0

-

0.5

0.52

102%

0.9

1.0

9.86

98.6%

2.4

1.5

1.62

108%

3.3

Urine sample
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A4 Conclusions
In summary, Au@ZIF-8 nanocomposites were successfully fabricated and modified on
glassy carbon electrode (GCE) for electrochemical determination of dopamine. The
proposed Au@ZIF-8/GCE exhibits better sensitivity than ZIF-8/GCE, it also shows
good selectivity and long-term stability. Such selectivity and comparable performance
can be attributed to the synergetic electrochemical performance between Au
nanoparticles and ZIF-8, and fast charge transferability between the electrochemical
sites and the electrode. Therefore, Au@ZIF-8/GCE presents promising performance as
a potential non-enzymatic dopamine sensor.
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APPENDIX B
TWO-DIMENSIONAL CONDUCTIVE
PHTHALOCYANINE-BASED METAL–ORGANIC FRAMEWORKS FOR
ELECTROCHEMICAL NITRITE SENSING7

B1 Introduction
Nitrite (NO2-) is a common environmental contaminant that is appeared in the water,
soil and other environments, also served as a kind of preservative for the food
industry.[211, 212] Nitrite-rich contaminants caused terrible impacts on the ecological
environment and public health due to unreasonable utilization/treatment of nitrite in the
field of farming, food industry, and environmental protection.[213] Therefore, it is of
great importance for the accurate determination of nitrite in the drinking water or pickle
foods.[214] Moreover, the World Health Organization (WHO) has established a
maximum limit of nitrite dosage of 65.2 μM (3 mg L-1) in drinking water. So, the
determination strategy with highly sensitive, selectively and rapid response toward
nitrite is imperative. Capillary electrophoresis[215], spectrophotometry[216], and ion
chromatography[217], etc. are useful with high sensitivity, but time-cost, more
operation skills are required toward the above analytical methods.[218, 219] Over the
above approaches, the electrochemical determination has been widely developed owing
to its extra merits including real-time, low-cost, feasibility.[55, 112, 220-222]
Metal-organic frameworks (MOFs) were constructed by assembling transition metal
ions and organic linkers through coordination reactions. MOFs were firstly utilized for

Appendix B, in full, is a reprint of the research paper titled ‘Two-dimensional conductive
phthalocyanine-based metal-organic frameworks for electrochemical nitrite sensing’ as it published on
the journal of RSC Advances. Shun Lu, Hongxing Jia, Matthew Hummel, Yanan Wu, Keliang Wang,
Xueqiang Qi, Zhengrong Gu. 11.8 (2021): 4472-4477. Shun Lu was the primary investigator and first
author of this article.
7
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gas adsorption and storage application due to their porous structure and large surface
area.[223] With the exploration of MOFs in the field of electrocatalysis, researchers
found MOFs exposed more potential active sites on their larger surface, promoting
easily the contact with target molecules, which further improve the electrocatalytic
performance of MOFs[224], made MOFs be perfect candidates for sensing.[225]
However, great challenges remain for conventional MOFs due to their poor
conductive/electronic properties, it is dramatically limited the usage of MOFs in the
electrochemical applications.[226-229]
To remove the above challenges, several strategies were put forward, such as i)
pyrolysis of MOFs, the carbonized MOFs possessed metal-doped or multi-atoms doped
porous carbon, enhancing their electrocatalytic activity[230, 231]; ii) preparation of
MOF-based hybrids, conductive supports (carbon nanotube, graphene, metal foams,
etc.) were introduced for promoting their electrical conductivity[113, 232]; iii)
synthesis of conductive MOFs, the novel conductive MOFs can improve electron
transfer capacity directly without pre-treatments[27, 226]. However, well‐defined
molecular active sites on MOFs are decomposed after the high-temperature
process.[233] Also, the second method can promote their electrocatalytic activity to
some extent, but it may reduce the inherent advantages of MOFs as well as decrease
the surface area and reduce the accessible active sites. The later have more advantages
over the other strategies, owing to the development of conductive MOFs which can
solve these challenges fundamentally and avoid the former approaches’ negative
effects.[27]
Two-dimensional (2D) conductive MOFs represent an emerging class of nanomaterials,
presenting their exceptional 2D characteristic, enhanced the ability of electron transfer
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and the high efficiency of active sites, except the intrinsic merits of conventional
MOFs.[234] Such 2D conductive MOFs offer a perfect platform for the study of the
mechanism of electroanalysis, which is helpful for the enhanced sensing performance
of MOFs.[235] Recently, 2D Ni3HHTP2 (HHTP2, hexahydroxytriphenylene) was
synthesized for neurochemicals detection due to favorable electron transfer and large
surface area.[236] 2D Cu-TCPP (TCPP, tetrakis (4-carboxyphenyl) porphyrin)
modified with gold nanoparticles and polyxanthurenic acid with exceptional
conductivity was demonstrated as an excellent electrochemical sensor towards
dopamine with a low detection limit.[237] 2D conductive materials also played an
important role in the gas analysis owing to its excellent conductivity.[235] Based on
the above examples, 2D conductive MOFs present their possibilities for achieving
superior electrocatalytic performance for electrochemical sensors.[237, 238] However,
the usage of 2D conductive MOFs on the electrochemical determination of small
molecules has been rarely reported.
In this work, nickel phthalocyanine (NiPc) was selected as an organic linker to assemble
2D NiPc-MOF. Three main reasons arise from using this linker for synthesizing 2D
MOF: i) metal active sites are atomically dispersed on metallophthalocyanines
theoretically; ii) NiPc-MOFs extended in two-dimension with fully in-plane π
delocalization and weak out‐of‐plane π–π stacking, further promoting electron transfer
between electrocatalysts and analytes; iii) the larger surface area of 2D NiPc-MOF, the
easier absorbed on the electrode, keeping its electrochemical stability, then achieving
excellent sensitivity. Herein, 2D conductive NiPc-MOF was synthesized through the
solvothermal method and used for electrochemical determination of nitrite for the first
time.
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B2 Experimental
B2.1 Synthesis of NiPc-MOF
In a typical synthesis[27], NiPc-NH2 (60 mg) and NiCl2 6H2O (42 mg) were both
dissolved in DMSO (80 mL). Then, the mixed solution was heated to 70 ℃, followed
by the continuous addition of 1.0 mL aqueous ammonia (NH3 H2O). After that, the final
dark red mixture was softly stirred for 12 h under air at 70 ℃. After cooling to room
temperature, the resulting black powder was collected by filtration and the solid product
was washed thoroughly with hot DMSO (20 mL * 3), deionized water (20 mL * 3)
MeOH (20 mL * 3), and acetone (20 mL * 3) serially. The product as a pure black
powder (~65 mg, yield 93.2%) was collected and stored in refrigerator. All raw
materials were purchased from chemical reagent company in the USA (Fisher and
Sigma-Aldrich) without further purification.

B2.2 Fabrication of the NiPc-MOF electrode
To prepare the 2D NiPc-MOF nanosheets modified electrode, a bare GCE (ø = 4 mm)
was polished with alumina slurry (different particle sizes ranging from 50 μm to 10 μm)
and then in turn ultrasonically washed in distilled-water and ethanol for 5 min,
respectively. 1 mg of 2D NiPc-MOF nanosheets was dispersed into 1 mL ethanol for
ultrasonication lasting for 30 min. Then, the prepared suspension was mixed with 5.0
% nafion until a well-dispersed solution was achieved. After that, 10 μL of the uniform
mixture solution was cast on the polished GCE and then dried naturally, through which
the modified electrode (NiPc-MOF@GCE) was obtained. Also, the NiPc@GCE was
fabricated via the same way.
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B2.3 Physical characterization
Morphological structure was observed employing a transmission electron microscope
(TEM, JEM-2100, JEOL) equipped with scanning transmission electron microscope
energy-dispersive X-ray spectroscopy (STEM-EDX, Gatan Inc.). The transmission
spectrum was recorded by Fourier transform infrared (FTIR) spectrometer (Nicolet
380, Thermo Fisher, USA) in a range from 400 cm-1 to 4000 cm-1. Atomic force
microscopy (AFM, FEI SIRION200) was used to study the morphology of the asprepared sample. In addition, X-ray photoelectron spectroscopy (XPS, Thermo
ESCALAB 250XI, Thermo Fisher, USA), and powder X-ray diffraction spectra
(PXRD; BL14B station, Shanghai) were recorded to investigate the internal structure
of 2D NiPc-MOF nanosheets. All the electrochemical tests were performed on an
electrochemical workstation (CHI 760E, CH instruments. Inc., USA).

B2.4 Electrochemical measurements
All electrochemical measurements were carried out using an electrochemical
workstation (CHI 760E, CH instruments. Inc., USA) with a typical three-electrode
system consisting of the working electrode (WE), counter electrode (CE) and reference
electrode (RE). Herein, the glassy carbon electrode (GCE, ø = 4 mm) coated with the
as-prepared catalyst loading was used as the WE, the Pt wire and the saturated Ag/AgCl
electrode as the CE and RE, respectively. The mass loading of 2D NiPc-MOF
nanosheets was about 0.03 mg cm-2. The electrocatalytic performance of 2D NiPc-MOF
electrode was investigated by cyclic voltammetry (CV) and differential pulse
voltammetry (DPV) in 0.1 M buffer solution. The electrochemical impedance (EIS)
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measurements were performed inside the three-electrode electrochemical cell. EIS
study was performed within frequency range of 100 kHz to 0.1 Hz with an AC
amplitude of 10 mV. An equivalent Randles circuit model was used to fit the data to
calculate the charge transfer resistance Rct for each catalyst system. All potentials were
referenced to the Ag/AgCl electrode if no specified. All the tests were carried out at
room temperature (∼25 °C).

B3 Result and discussion
The structural information of the as-prepared sample was explored by powder X-ray
diffraction spectroscopy (PXRD), X-ray photoelectron spectroscopy (XPS),
transmission electron microscopy (TEM) and atomic force microscopy (AFM). The
XRD pattern of the sample in Fig. B.1a exhibits peaks at 2θ = 4.15°, 9.85°, and 14.26°,
indexed to the lattice planes of (200), (001), and (300), respectively. Long‐range order
within the ab‐plane with a center‐to‐center (Ni···Ni) distance of 9.27Å is further
confirmed, which keeps well with the simulation results of NiPc-MOF
(Ni3(C32H16N16)n) and no typical peaks of NiPc is found. XPS analysis indicates that
the as-prepared sample is composed of Ni, C, N, and O. The Ni 2p spectrum exhibits
the typical peaks for Ni 2p3/2 and Ni 2p1/2 at 854.6 eV peak 871.9 eV, respectively,
which are the characteristic peaks of Ni(III) species (Fig. B.1b).
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Figure B.1 (a) PXRD patterns of NiPc-MOF and simulated results from its predicted structure; (b) XPS
survey spectrum; (c) TEM image and (d) AFM image of 2D NiPc-MOF nanosheets.

TEM image of the as-prepared sample exhibits it has an irregular shape with a
nanosheet-like structure, several nanosheets are dispersed well in the view (Fig. B.1c).
EDX spectrum of Fig. S3 further confirms its chemical contents including carbon,
nitrogen, oxygen and nickel. The AFM (Fig. B.1d) image of the sample exhibits its
rough surface, and the corresponding height profile reveals its thickness ranging from
50 nm to 100 nm, indicating the as-prepared sample possesses a multi-layered structure.
Furthermore, the FT-IR spectrum of the as-prepared sample presents the typical
vibration absorptions of the basic building unit (NiPc) that three peaks at ca. 1628 cm1

, 1552 cm-1 and 1114 cm-1 assigned to C=N stretching, C=C stretching and C-H

bending, respectively. Nitrogen adsorption-desorption isotherms of NiPc-MOF
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nanosheets was performed at 77 K in Fig. S6. The surface area of NiPc-MOF
nanosheets is 543 m2 g−1, which is a little smaller than we previously reported.[27]
Combined with the above analysis, it is demonstrated that we have successfully
synthesized NiPc-based MOF (NiPc-MOF) nanosheets with both 2D features and
typical MOF characteristics.
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Figure B.2 Schematic of preparation of 2D NiPc-MOF and its electrochemical nitrite detection.

The electrocatalytic performance of the NiPc-MOF electrode towards nitrite was
studied, as illustrated in Fig. B.2. Fig. B.3a shows Cyclic voltammograms (CV) curves
of NiPc-MOF electrode in 0.1 M phosphate-buffered saline (PBS, pH 7.0) solution
with/without 1.0 M nitrite. It can be found that the current response of the NiPc-MOF
electrode increases sharply with the addition of nitrite compared to its response in the
blank experiment. This means it is possible to achieve nitrite sensing on the surface of
the NiPc-MOF electrode. To verify the NiPc-MOF electrode’s feasibility, a series of
nitrite solution with different concentrations (0.35-0.75 M) was added into the test
system, as shown in Fig. B.3b. The result exhibits the relationship of the current
response versus concentration is linear well with a co-efficient value of 0.9998 (Fig.
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B.3c). It demonstrated that the NiPc-MOF electrode has potential to realize nitrite
determination.
Under the optimal conditions, the electrochemical sensing of the NiPc-MOF electrode
for nitrite oxidation was carried out by differential pulse voltammogram (DPV). Fig.
B.3d presents that the DPV curves at the NiPc-MOF electrode by the successive adding
of nitrite with various concentrations from 0.01 mM to 11500 mM. Each DPV curve
can be completed within 6 s, exhibiting a fast response toward nitrite sensing. Figs.
B.3e-f display the well linear curves between the current response of NiPc-MOF
electrode and nitrite concentration with the regression equation: (i) I/μA = 1.995 +
0.028*c (R2 = 0.999, inset of Fig. B.2e), (ii) I/μA = 53.67 + 0.01*c (R2 = 0.9999, inset
of Fig. B.3f). The sensitivity of the NiPc-MOF electrode is calculated as 0.40 μA mM1

cm-2 and 0.14 A mM-1 cm-2 at low (0.01-2000 mM) and high concentration (2500-

11500 mM) region, respectively. Then, a limit of detection (LOD) is estimated as 2.3
μM at signal to noise ratio of 3 (S/N = 3). Additionally, the sensitivity of the NiPc-MOF
electrode is slightly greater in the low concentrations from 0.01 to 2000 mM. This
phenomenon can be explained as (i) all nitrite ions absorbed on the surface of the NiPcMOF electrode; (ii) enough active sites on the NiPc-MOF electrode can catalyze them
efficiently at a low concentration region. However, the electrocatalytic process is
influenced by the competitive effects including nitrite adsorption and catalytic
activation on the surface of the NiPc-MOF electrode as the concentration increased,
finally decreasing its sensitivity. As well, it is noted that the oxidation peak current
appears slightly unstable when the nitrite concentration was beyond 2000 mM. it may
be attributed to the adsorption saturation of NO2- on the active sites of the NiPc-MOF
electrode. Compared with the recent literatures (Table B.1), the sensing performance of
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the NiPc-MOF electrode presents a very quick response, low LOD and ultra-wide linear
range (0.01-11500 mM).
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Figure B.3 (a) CV curves of NiPc-MOF electrode in 1.0 M PBS buffer (pH 7.0) in presence and absence of
nitrite. (b) CV curves of NiPc-MOF electrode under different nitrite concentrations (0.35-0.75 M), scan
rate: 50 mV s-1. (c) Linear calibration curve of Fig. 3c, concentration range: 0.35-0.75 M. (d) DPV curves of
2D NiPc-MOF electrode toward nitrite detection with successive addition (0.01-11500 mM), DPV
parameters: amplitude, 0.05 V; pulse width, 0.2 s; sampling width, 0.067 s; pulse period, 0.5 s. (e) Linear
calibration curve of Fig. 3d (concentration range: 0.01-2000 mM). (f) Linear calibration curve of Fig. 3d
(concentration range: 2500-11500 mM).

Table B.1 Table S1 Comparisons of analytical performance of nitrite on the modified electrodes (from 20182020 year)

Material

Electrode Technique

Linear
range

LOD

Refs.

Co3O4-rGO/CNTsa

GCEl

Amperometric i-t

0.1 μM- 1 μM
8 mM

[239]

CoTLMethPc/MWCNTsb

GCE

DPVc

501050
nM

35 nM [240]
L-1

CoPc/MWCNTd

GCE

DPV

0.01–
1050
mM

2.11 μM [112]

a-Fe2O3/CNTs hybrids

GCE

Amperometric i-t

0.54000
μM

0.15 μM [241]
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TiO2Ti3C2TX/CTAB/CSe

GCE

DPV

0-1.25
mM

0.85 μM [242]

Au/CNHNf

GCE

Chronoamperometry

0.05–
1150
μM

0.017
μM

GO-Ag

GCE

LSVg

1.01000
μM

0.24 μM [244]

SFh

GCE

Amperometric i-t

0.02–
3600
μM

6.3 μM

[245]

CaFe2O4

SPEi

Amperometric i-t

0.016–
1921
μM

6.6 μM

[246]

Poly(TazoCoPc)/CNPj

GCE

Amperometric i-t

0.02–1
μM

0.006
μM

[247]

CoTM-QOPc/CNPk

GCE

Chronoamperometry

0.1–
0.033
350 μM μM

[248]

2D NiPc-MOF

GCE

DPV

0.0111500
mM

2.3 μM

[243]

This
work

a rGO/CNTs, reduced graphene oxide and carbon nanotubes.
b CoTL-MethPc/MWCNTs, tetra L-Methionine cobalt (II) phthalocyanine/Multi-wall
carbon nanotubes.
c DPV, Differential pulse voltammogram.
d CoPc, Cobalt phthalocyanine.
e TiO2–Ti3C2TX nanohybrid, hexadecyl trimethyl ammonium bromide (CTAB) and
chitosan (CS)
f CNHN, CuNi-based hollow nanoarchitecture
g LSV, linear sweep voltammogram.
h SF, Strontium ferrite
i SPE, screen-print electrode
j Poly(TazoCoPc)/CNP, tetraazo-bridged cobalt phthalocyanine polymer
k CoTM-QOPc/CNP, Cobalt (II) tetra methyl-quinoline oxy bridged phthalocyanine

123
l GCE, glassy carbon electrode

As shown in Fig. B.4a, CV measurements of the NiPc-MOF electrode were studied in
an electrochemical probe solution (5.0 mM ferricyanide and 0.1 M KCl), the NiPc
electrode was employed for comparison. It is clearly found that the NiPc-MOF
electrode has a larger closed curve area than that of NiPc electrode. This phenomenon
means NiPc-MOF nanosheets have better electrical conductivity, faster electron
transfer during electrochemical redox. EIS measurement provides valuable information
about the interfacial properties of the modified electrode. Fig. B.4b reveals the Nyquist
plots of the NiPc and NiPc-MOF electrodes, which exhibit semicircles at the high
frequency range corresponding to the electron-transfer-limited process and a straight
line at the low frequency range corresponding to the diffusion-limited process.[249]
Then, the Randle's equivalent circuit was employed to simulate the obtained Nyquist
plots, further understand the electrical properties of the modified electrodes. The
electron charge transfer resistance (Rct) could be obtained based on the semicircle
diameter of the Nyquist plots. The value of Rct (803.8 Ω) of the conductive NiPc-MOF
electrode was much smaller than that of NiPc electrode (1680 Ω), indicating that the
NiPc-MOF electrode brought better conductivity to the electrode surface. The
acceleration of electron transfer rate was ascribed to the excellent conductivity of 2D
NiPc-MOF nanosheets.
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Figure B.4 (a) CV curves of NiPc electrode and 2D NiPc-MOF electrode in 1.0 mM ferricyanide with 0.1 M
KCl, scan rate: 50 mV s−1. (b) Nyquist plots of NiPc electrode and NiPc-MOF electrode in 1.0 mM
ferricyanide containing 0.1 M KCl. (c) Electrochemical capacitance of NiPc and NiPc-MOF electrode,
respectively. (d) The linear relationship between the oxidation peak currents and the square root of the scan
rate.

Generally, the double-layer capacitance (Cdl) was utilized to evaluate the modified
electrode’s active surface area. As shown in Fig. 4c, the effective active sites of the
NiPc-MOF electrode for nitrite oxidation is obviously larger than that of the NiPc
electrode due to the Cdl of NiPc-MOF electrode is five times larger than that of NiPc
electrode (4.45 μF cm-2). Moreover, the electrochemical active surface area of the
modified electrode also reveals the transferred electron on the surface of electrode and
determine the active sites for nitrite oxidation.[54, 112] As presented in Fig. B.4d, it
has a good linear relationship between the oxidation peak current (Ipa) and the square
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root of scan rate (v1/2). Therefore, the electrochemical active surface area could be
determined as stated by the Randles-Sevcik Equation. 1[250]

Ipa = (2.69 × 105) n3/2AD1/2v1/2C0

(1)

In this Eq. 1, n, A, C0, D, and ν are the number of transferred electron, the surface area
of the working electrode, reactant concentration, diffusion coefficient, and scan rate,
respectively. Based on the known information, the electrochemical active surface area
for NiPc-MOF electrode is 5.31 times larger than that of NiPc electrode. Consequently,
the NiPc-MOF electrode is favorable for nitrite sensing due to more sensitive response,
higher charge transfer efficiency, more catalytically sites and increased the
electrochemically active surface area.

Table B.2 Table S2 Determination of nitrite in 0.1 M PBS on the NiPc-MOF electrode (under optimized
conditions, n = 3)

Sample
0.1 M PBS

Tap water

Added/mM

Found/mM

Recovery/%

RSD/% (n
= 3)

#1

-

-

-

-

#2

100

101.7

101.7

3.16

#3

500

498.4

99.6

2.43

#4

1000

989.3

98.9

4.27

#1

-

-

-

-

#2

100

93.6

93.6

4.13

#3

500

508.2

101.6

3.56

#4

1000

976.4

97.6

3.24
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To verify the feasibility of the sensor, the fabricated sensor was utilized to monitor
nitrite in real samples (tap water, 0.1 M PBS was employed here as comparison)
through a standard addition method. From the analysis results (Table B.2). The recovery
values of real samples by the electrochemical method in this work were between 93.6
% and 101.6 %, and the RSD was less than 5%. To confirm the accuracy of the proposed
method, 0,1 M standard PBS solution was selected to detect the spiked samples, and
the results are consistent with these of our proposed method, suggesting the approach
is reliable for nitrite sensing in the real complex environment.
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Figure B.5 (a) Amperometry curve of NiPc-MOF electrode in 0.1 M PBS (pH 7.5) with successive addition
of dopamine, ascorbic acid, uric acid, glucose, KNO3 and NaNO3 (all concentrations of interfere species are
0.1 M) at applied potential of 0.9 V. (b) Linear calibration curve of Fig. 5a in the presence of interfere
species.

The excellent selectivity is also an important standard for the prepared sensor, the effect
of interfere species which possibly coexists with nitrite on the response of the sensor
was assessed. Fig. B.5a shows the interference measurement at the applied potential of
0.9 V with continuous additions of 0.1 M nitrite, 0.1 M dopamine, 0.1 M ascorbic acid,
0.1 M uric acid, 0.1 M glucose, 0.1 M KNO3, 0.1 M NaNO3 and 0.3 M NaNO2 in 0.1
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M PBS (pH 7.5). Obviously, a clear i-t response increased is revealed by injection of
0.1 M nitrite into the blank buffer solution. And comparison with the response of NO2, the i-t responses of other interfering species on the sensor were negligible. This
phenomenon may be due to the specific electrocatalytic activity toward nitrite. In
addition, as shown in Fig. B.5b, the calibration curve of Fig. B.5a exhibits good
linearity with a co-efficient value of 0.9998. TEM image of NiPc-MOF nanosheets
after nitrite detection is presented, keeping an original morphological structure. This
result confirmed that NiPc-MOF electrode possesses great selectivity for the
electrochemical detection of nitrite in the presence of multi-interfering species.
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Figure B.6 (a) The repeatability of NiPc-MOF electrodes (#1-5) in 0.1 M PBS (pH 7.5) containing 0.1 M
nitrite. (b) The stability of NiPc-MOF electrode: Peak current of DPV in 0.1 M PBS (pH 7.5) containing 0.1
M nitrite. DPV parameters: DPV parameters: amplitude, 0.05 V; pulse width, 0.2 s; sampling width, 0.067
s; pulse period, 0.5 s.

In addition, the repeatability of the as-prepared sensor was also investigated. Five
individual electrodes were selected to study the repeatability of the NiPc-MOF
electrode here. Five individual electrodes (#1-5) were prepared at the same conditions
and applied to detect 0.1 M nitrite, the relative standard deviation (RSD) value was
estimated to be 1.65 %. As shown in Fig. B.6a, the repeatability of the sensor was
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evaluated with 5 electrodes for detecting 0.1 M nitrite with low RSD value (1.65 %).
As displayed in Fig. B.6b, the peak current response of NiPc-MOF electrodes has
similar behavior during 4-week (Day 1, Day 7, Day 14, Day 21, and Day 28). During
stability tests, the NiPc-MOF electrode was stored at ambient environment and
monitored every week via DPV method. The RSD value of 3.82 % was obtained,
suggesting the stability of the NiPc-MOF electrode is suitable for long-term nitrite
detection. Therefore, all the results suggest the NiPc-MOF electrode is reliable for
nitrite sensing due to its excellent stability, repeatability, and long-term repeatability.

B4 Conclusions
In conclusion, two-dimensional nickel phthalocyanine-based metal-organic framework
nanosheets (2D NiPc-MOF) based non-enzymatic biosensor for the electrochemical
detection of nitrite is firstly developed. The as-prepared sensor exhibited an ultra-wide
detection range (0.01-11500 mM) with low limit detection (2.3 μM), meanwhile, it also
presents excellent stability and competitive selectivity. The excellent electrocatalytic
activity of NiPc-MOF electrode is explained by the following reasons: i) NiPc-MOF
nanosheets possess high catalytic sites with the larger electrochemical active surface
area for nitrite oxidation; ii) the 2D characteristic of NiPc-MOF nanosheets results in
the large surface area to increase the active sites for nitrite detection; iii) Differ from
the semi-conductivity of NiPc molecular, NiPc-MOF nanosheets present excellent
electrical conductivity, which could enhance electron transfer, improving its sensitivity
towards nitrite determination. Overall, the prepared 2D NiPc-MOF nanosheets have
great potential in the field of electroanalysis.
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